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Abstract

Single-phase grid-connected inverters play an important role in small distributed
generation (DG) systems. This paper illustrates the circuit configuration and operation
principle of a novel single-phase, single-stage, three-switch, fly-back, buck-boost inverter.
The equivalent circuits associated with the four operation modes are established for the
charging and discharging process. The inverter can operate in both continuous conduction
mode (CCM) and discontinuous conduction mode (DCM). Most importantly, a new pulse
generation method called pulse energy modulation (PEM) is proposed and applied to the
three-switch buck-boost inverter in this paper. PEM signals for controlling the power
switches are generated by meeting the output energy demand in each switching period with
the stored energy in the coupled fly-back inductors. The duty ratio of PEM is thus
determined by the energy demand and dc input voltage. The efficiency of the inverter used
PEM is analyzed. A 400W experimental prototype is built in the laboratory to verify the
operation of the proposed pulse energy modulation method. The inverter controller
employs DSP dsPIC33FJ64MC506 for controlling, detecting and protecting functions.
Experimental results have shown that PEM provides a new modulation mechanism for
controlling the three-switch buck-boost inverter to inject a sinusoidal current into the grid
under a wide range of operating conditions.
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1. Introduction

With the increasing concern about the fossil fuel reserves and greenhouse gas emissions,
renewable energy sources, such as wind energy, solar energy, biomass, and geothermal
energy, have attracted more and more attention for electricity generation. This presents a
significant opportunity for the development of distributed generation (DG) systems.
Grid-connected inverters play an important part in the distributed generation systems for
grid interconnection and system optimization [1-2]. For a small DG system, an inverter
with compact, economical and efficient design is highly desired. Typical two-stage
buck-boost inverters can handle a wide variation of input dc voltage, but their complicated
structure leads to a costly solution for small DG systems. Many single-stage buck-boost
inverters [3-6] have been proposed to accomplish the voltage regulation and dc-ac
conversion in a simplified form for small DG applications.

Kusakawa et. al., [3] proposed a six-switch, single-phase, full-bridge, buck-boost
inverter which was implemented by charging the energy-storage inductor from different
directions in each half cycle. The compactness of this transformer-less topology makes it
appropriate for an ac module in PV systems. Jain and Agarwal investigated a four-switch,
transformerless, buck-boost inverter in [4]. This inverter has the advantages of simplicity,
compactness, low cost and simple control, but suffers from low voltage gain, low
efficiency and double grounding [5]. A four-switch buck-boost inverter with dual fly-back
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transformers was proposed by Kjer and Blaabjerg [4]. An important merit of this inverter
is the galvanic isolation provided by the two bidirectional high frequency transformers.
However, the use of two transformers suggests an expensive and bulky solution. Kasa et.
al., [7] then proposed an isolated, fly-back, half-bridge, buck-boost inverter which was a
modified version of the dual transformer topology [6]. This inverter has only three power
devices and one isolation transformer, however, is applicable to low power systems due to
the limitation on the primary inductance of the center-tapped transformer.

In their efforts to search for an innovative solution of inverter topology, Liuchen Chang
et. al., [8] considered the component count, cost and size along with pulse generation
techniques, and proposed a single-phase, single-stage, fly-back, buck-boost inverter with
three switching devices. In [9], the authors illustrated the working principles of
three-switch buck-boost inverter and simulated the operation for this inverter with SPWM
by PSIM. The results prove its feasibility for dc-ac conversion in PV applications.

This paper emphasis on the implement and tests of this three-switch buck-boost inverter
and studies its pulse modulation techniques. Many pulse modulation techniques have been
developed and tested for DG inverters. The objectives of a modulation technique are to
generate the switching signals for power devices so as to produce high-quality output
voltage/current with wide range of source/load conditions, to minimize switching losses
and to improve inverter efficiency. There have been two main types of switching signal
generation methods in the power converters: Pulse Width Modulation (PWM) and Pulse
Frequency Modulation (PFM). PFM is a method of encoding information where the
instantaneous frequency of a pulse train carries the signal’s information [10]. It is more
efficient at light loads because the switching frequency and associated switching losses are
scaled down with a reduced load current. It is mostly used in discontinuous conduction
mode (DCM) for dc-dc converters [10]. Pulse width modulation methods generate
switching pulses with certain algorithms based on reference and carrier voltage waveforms,
and are widely used because they have controllable output magnitude and frequency with
predefined harmonic spectrum [11-16]. The most common PWM modulation technique for
inverters is Sinusoidal Pulse-Width Modulation (SPWM), which generates a sinusoidal ac
output voltage/current from a dc input source [11]. Hysteresis PWM (HPWM) technique is
also widely used for generating ac current in inverters with the advantage of easy
implementation, quick response, and insensitive to load parameter variations [12]. In [13],
HPWM was applied to a single-stage buck-boost inverter. Pulse area modulation (PAM)
[14] and non-linear pulse width modulation (NPWM) [15] were proposed to reduce
harmonic distortion created by power fluctuation at twice grid frequency in a
current-source single-phase inverter. In [16] a single-phase grid-connected inverter is
proposed using Sequential Magnetizing Modulation (SMM) and Time-Shared Magnetizing
Modulation (TMM) to create an active power decoupling with the dc voltage source to
reduce power fluctuation at twice grid frequency for single-phase inverters.

Both PFM and PWM generate the switching signals based on the assumption of constant
dc link voltage, it produces output distortions if the dc input voltage and/or load condition
changes rapidly. In [17] a new PWM technique, in which the reference waveform was
obtained by equating the input energy and output energy during a high frequency switching
cycle, was present. However, only the DCM operation was studied and the modulation
technique belongs to PWM technique. The pulse width was calculated by comparing the
reference waveform and the modulation waveform.

In this paper, the authors present a new pulse generation principle called pulse energy
modulation (PEM) as an alternative inverter control method for the proposed
grid-connected, single-phase, fly-back, buck-boost inverter with three switches [18]. PEM
is a modulation scheme employing the output energy demand to generate switching signals
of inverters. At each switching period, the output energy demand of inverter is calculated to
control the stored energy in inductors, and then delivered to the output of a single-phase
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grid. The pulse width is calculated directly through the demanded energy and dc input
voltage. It can be used in the condition of rapidly changing dc input voltage.

The remainder of this paper is organized as follows: Section Il introduces the circuit
configuration and operation principles of the three-switch fly-back buck-boost inverter.
The equivalent circuits associated with the charging and discharging processes are
established. The discontinuous conduction mode (DCM) and continuous conduction mode
(CCM) are discussed. Section 111 describes the principle of pulse energy modulation, duty
ratio, and efficiency. Section IV presents the design of a laboratory 400W three-switch
buck-boost inverter. Section V reports the experimental results of PEM applied to the
buck-boost inverter. Finally, Section VI provides the conclusion.

2. Circuit Configuration and Operation Principle

Vdc
(b) Mode 2
it
Vdc igrid
O L,
+
(c) Mode 3 (d) Mode 4
Figure 1. Three-Switch Buck-Boost Figure 2. Equivalent Circuits of Four
Inverter with a Coupled fly-Back Inductor Operation Modes

Figure 1, is the circuit configuration of the novel three-switch fly-back inverter
presented in this paper. This inverter consists of three switches, T1, T2 and T3, three
diodes, D1, D2, and D3, an output capacitor Cs, a filter inductor Lf, and a fly-back inductor
with two coupled coils L; and L,. The two coupled coils have the same turns and equal
inductance, L;= L, = Lgg.

The fly-back inductor is used to transfer energy from the dc side to the utility grid.
Diodes D1, D2 and D3 prevent the reverse current flow from the grid to the dc source.
Switch T1 controls the stored energy in the fly-back inductor through a charge and
discharge process. The other two switches (T2 and T3) are connected to the grid and are
switched on alternately to discharge the fly-back inductor energy to the grid when switch
T1 is in off state. Capacitor C; and inductor L filter out the high frequency current
components, allowing a smooth current feeding into the grid.

The fundamental principle of this buck-boost inverter is characterized by the charging
and discharging operations in the positive half cycle and in the negative half cycle of the
grid voltage. The operation principles of the inverter can be described by four operation
modes, with their equivalent circuits shown in Figure 2.

2.1. Mode 1: Charging in the Positive Half Cycle

In this mode, switch T1 is turned on and switches T2 and T3 are turned off. Neglecting
inductor copper losses and switching losses, the equivalent circuit of Mode 1 is shown in
Figure 2 (a). The primary inductor L, (Lgg) is charged to store energy from the dc source,
and the output current igrid is provided by the discharge of capacitor v.. The equations of
this mode can be expressed by:
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. di .
L =1y, LBB d_;l :Vdc; I, = 0;
. 1
digg . dv, . @
Lf T =Ve = Vg Cf E = —lgrig

where i, is the current in fly-back inductor Ly, iy, is the current in fly-back inductor L,,
V¢ is the dc input source voltage, vyiq is the grid voltage, and v is the output capacitor
voltage.

2.2. Mode 2: Discharging in the Positive Half Cycle

Figure 2 (b), shows the equivalent circuit of Mode 2. Assuming the perfect coupling of
the two fly-back inductor coils, i ; drops to zero suddenly and i, reaches to the initial value
of i ; at the time of switching. The secondary inductor L, (Lgg) is discharged to inject
energy into the ac grid through the filter inductor and output capacitor. We have:

. . di
iy =0; iy =0 LBBd—'iZ:VC,
. 2
dlgrid . dVC - : ( )
Lf d =V = Vgria Cf E =15 —lgrig

2.3. Mode 3: Charging in the Negative Half Cycle

The only difference between Mode 3 and Mode 1 is that in Mode 3, the grid is in the
negative half cycle. The equivalent circuit of Mode 3 is shown in Figure 2 (c). In this mode,
the capacitor voltage v., the grid voltage vgiq and the output current igiq are opposite as
compared to those in Model. The equations of this mode are the same as those in Mode 3.

2.4. Mode 4: Discharging in the Negative Half Cycle

Figure 2 (d), shows the equivalent circuit of Mode 4. The dc input source is
disconnected from the ac grid and the storage energy in fly-back inductor L, is discharged
to the ac grid. We have:

di .
88 dlil =Ves i, =0;
iy dv, S
;; =V _Vgrid; Cf d_tc ==y — Igrid

i, =0; L
©)

The currents in the fly-back inductor and the switching device and the voltage of
capacitor during the charging and discharging periods in whole cycle of the grid voltage are
shown in Figure 3. Mode 1 and Mode 3 are named as the charging modes, and Mode 2 and
Mode 4 as discharging modes. Since only one switch is turned on in each operation mode
and a fly-back inductor is always connected to the charging/discharging circuit, the dead
time for preventing two switches from shooting-through is unnecessary.
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Figure 3. The Current in Fly-Back Inductors
and Switchers During Charging Period and
Discharging Period in the Positive and
Negative Cycle of the Grid Voltage

Figure 4. Hardware Configuration of the
Inverter

3. Pulse Energy Modulation

PEM signals for on/off control of power switches are generated by equating the energy
demand for a sinusoidal grid current and change of energy stored in the fly-back inductor,
in each switching period. The duty ratio of PEM signals for switch T1 (See Figure. ) is
calculated according to the inverter energy demand based on instantaneous output power. If
the switching frequency F; is 2n times the fundamental frequency of the grid voltage, one
half cycle of the ac grid voltage can be divided into n switching periods. For the kth
switching period, the ac grid voltage can be expressed as:

Vgia (K) =V, xsin((z/ n) k) (4)
Vp is the peak value of ac grid voltage. The injected current with a unity power factor can
be described as:

igrig (K) = Ly xsin((7/ ) xk) (5)
where, lyp is the peak value of the injected current. The energy demand during the kth
switching period for an inverter to inject into the grid is approximately equal to:

Ey (K) = I XV, xsin((z/n) xK) xT, (6)

where, T; is the switching period, the variables are assumed to maintain constant values
during a short switching period. The discharged energy in the fly-back inductor should be
equal to the energy demand during each switching period. The fly-back inductor current
during the kth and (k+1)th switching periods is shown in Figure 4. Where, i, is the fly-back
inductor current including i ; and i».

Copyright © 2016 SERSC 5



International Journal of Grid and Distributed Computing
Vol. 9, No. 10 (2016)

I2(K) :
L1

Ei (k) 0 { "t

I} ‘ ! : ‘

2 ; 1 ; k- Ts k+1) Ts
EILA I O Toot (k)'i Ty (K1) Toon (1) T (k+1)- T,

k-Ts (k+1): T, t

Figure 5. The Fly-Back Inductor Figure 6. The Fly-Back Inductor Current
Current in Charging and Discharging During Charging and Discharging
Periods in CCM Periods in DCM

During the turn-on time T, (k), the stored energy is charged from E; (k) to E, (k), and
during the turn-off time Ty (K), the stored energy is discharged from E, (k) to E; (k+1).
Therefore,

Ein (k) =B, (k) - Ey(k +1) =%'—BB x(1;(k) =17 (k +1)) ()

Based on the fly-back inductor currents at the beginning and ending of switching period
(@s 11 (K), 1y (k+1), 1, (k+2) in Figure 4), this operation mode can be defined as CCM (i.e.,
continuous conduction mode). In the CCM as shown in Figure 4, the inductor current
during a switching period never reaches zero. If the inductor current goes to zero during a
switching period, DCM (i.e., discontinuous conduction mode) occurs, as shown in Figure
5.

3.1. Discontinuous Conduction Mode

In the DCM operation, the initial fly-back inductor current of each switching period is
zero. Therefore, the initial energy stored in the inductor at the start of the each switching
period is zero, as shown in Figure 5.

Peak current I, (k) can be calculated from dc input voltage and turn-on time of switch T,
as,

1 () = YecTn(k) ®)

I-BB
Inserting (8) into (7) with I, (k+1) =0, (7) can be re-written as:

Ean(19= 3 L ¥15(0.= 5 VE(D e (T ©

B

Where, d_pewm (K) is the duty ratio in the kth switching period. Using (9) and (6) we can
calculate the duty ratio in terms of the output current igig, the grid voltage Vg, dc input
voltage Vg, switching period T and fly-back inductance Lgg for each switching period.

0 o () = |2 e Vet bes i T )
Ve T, n (10)
= Dmax_DCM 'Sin(%' k)

where maximum duty ratio Dpay pcm IS determined by V. and Py, as shown in (11).
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(11)

The relationship between the peak current and the maximum duty ratio is expressed as

(12):
I _ Dr?\axﬁDCM 'dec 'Ts

" 4 'VP ’ LBB

(12)

Where, lyp can be governed by the Maximum Power Point Tracking (MPPT) algorithm
according the dc input voltage. Through simulation studies, the required maximum

modulation ratios for various dc input voltages are presented in Figure.6.

~71kWcurve |

0 0.1 0.2 0.3 0.4 0.5
Dmax_DCM

Figure7. Relationship between
maximum duty ratio and output power
for different dc input voltages when
LBB =300pH and Ts = 1/12ms

3.2. Continuous Conduction Mode
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Figure8. Operation Area in the DCM and
CCM ( LBB=300uH, Fs=12 kHz and
Po=400W)

To achieve CCM operation, fly-back inductance LBB should be increased to store more
energy from the dc input source in one switching period according to (9). Part of the stored
energy will remain in the fly-back inductor. Therefore it is important to measure the
inductor current at the beginning of each charging and discharging period and calculate the
additional energy required. During turn-on time Ton in the kth switching period, the
fly-back inductor current increases from 1, (k) to I, (k):

1) =1, + YTl

BB

(13)

where E;(k), Ei(k+1), E»(k) and E,(k+1), as shown in Figure 4, are the stored energy in
the fly-back inductor at different moments. The energy demand in the kth switching period

IS

Ein (K) = B, (k) — E, (k) =%'—BB x (17 (k) = 17 (k)

(14)

Substituting I(k) in (10) into (11) and solving for the duty ratio for CCM operation lead

to:
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d com (k): TL\E}j { |1(k)2 +2EdTn;(k) - |1(k)J (15)

During turn-off time T , the inductor current decreases from I,(k) to I,(k+1):
LK) =1,(k +1) QM (16)

BB

The relation between I;(k+1) and I,(k) can be obtained from (13) and (16):

1, (k +1)= Il(k)+vdclfon(k)_vc(kl_)toff (k) an

Therefore the initial inductor current 1;(k) used to calculate d_ccm (K) can be predicted in
the (k-1)th switching period to avoid the time delays due to processor executions.

3.3. Operation Area for DCM and CCM

In the DCM operation, I;(k) and I;(k+1) is equal to zero. The time it takes for the
fly-back inductor current to decrease to zero is no longer than the turn-off time Toff. Thus,
the maximum duty ratio in the DCM is limited by:

\Y/

Dmax_DCM < g"d—_mjj(\/dc (18)

grid _max

From (15), the duty ratio in the CCM can be obtained:

2 fPO-
Dmax_CCM >V—dc T—SLBB (19)

(12), (18) and (19) along with Dy =1 define the operation area (OA) of the inverter in
the DCM and CCM , as illustrated in Figure 7, in which linel, line 2 and line 3 represent
(18), (19) and Dynay =1.

4. Design of Three-switch Fly-back Buck-Boost Inverter

The design of a three-switch fly-back buck-boost inverter consists of software system
design and hardware system design. Hardware design includes main power circuit,
electrical measurement circuit, detection and protection circuit, control circuit, and
auxiliary power supply etc., as shown in Figure 8.

4.1. Hardware Design of Inverter System

4.1.1. Power Circuit: This section introduces the design of the power components such as
power diodes Dx (x=1, 2, 3), switching devices Tx (x=1, 2, 3).

Following the analysis of Section Il, the current ratings of switching devices and power
diodes are selected as the peak of the fly-back inductor current. The voltage stresses of
power diodes vp; and switching devices v, can be express as following:

0, Mode 1/Mode 3
Vps =Vr =9V, —V,, Mode 2 (20)
V. +V,, Mode 4
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where Vg is the dc input voltage, v. is the voltage of output capacitor C; and is also the
output voltage of the inverter v,. The polarity of v, and V. is the same during Mode 2, and
is opposite during Mode 4. The voltage stress of other power devices is:

V. +V,, Mode 1/Mode 3
Vo, =V;, =12V,  Mode2 (21)
0, Mode 4

Vg +V., Model/ Mode3
Vpy =Vq1 =40, Mode2 (22)
2v,, Node 4
The polarity of v. and V. is the same during Model and Mode 2, and is opposite during
Mode 3 and Mode 4. Assuming Vq. =50~300V and the output voltage of the inverter is
120V/60Hz, then the maximum voltage stress of T3 and D3 is about 130V. The maximum
voltage stress of T2 and D2 is about 470V, and the same as T1 and D1. The voltage rating
of diodes and switching devices can be chosen as 500V.

4.1.2. Output capacitor Cf and filter inductor Lf : The size of the capacitor filter C; can be
determined by equating the energy fluctuation in the capacitor with the energy delivered to
the output in one switching period. If the average capacitor voltage is v, and the ripple of
the capacitance voltage is 2Av,, the capacitance voltage fluctuates between V + Av. and V.
-Av, as shown in Figure.3. Since the energy delivered to the output in one switching cycle is
equivalent to the change of energy stored in the capacitor, as shown in (23).

%Cf((vc +Avc)2_(vc_AVc)2) =VplypTs (23)

Simplifying (23) by equating V. =Vpand solving for the value of capacitance.

IMPTS
— _MP's 24
= (24)

The capacitance determines the ripple voltage. For higher capacitance the ripple voltage
will be minimized. In this case, setting Av, =20V, Ts=1/12 ms, then the output capacitor C;
can be selected to about 10uF.

The filter inductor L; filters the high frequency component of the output current caused
by the switching action. Therefore the cut off frequency of the LC filter should be less than
the switching frequency. The filter inductance can be calculated as

1

" (2A,)°C, =

L

In this case, f; is designed to be about 1kHz, so the L; can be obtained as 1mH.

4.1.3. Fly-back Inductor: In order to reduce the size of the fly-back inductor, the inverter
is designed for DCM operation. The fly-back inductor consists of two tightly coupled coils
with equal inductances and turns, i.e., L1=L2=1 BB, and N1=N2.

The value of fly-back inductance is depended on the specifications of the application.
According to the range of dc input voltage, rated power and DCM operation mode, the
inductance L1 of primary inductor of fly-back transformer is chosen to be 300uH to limit
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the peak primary current I, for larger output power. I, is calculated from average current I,y
ripple to peak current ratio Kgp, and maximum duty cycle Dy

2
lp=lyy——mmm— 26
" (2-Kp) Dy 0

Where, 1, is calculated from minimum dc input voltage, output power Po, and
efficiency

Po
n 'Vmin

(27)

Iavg =

Considering Dpax=0.5, Krp=0.7, Po=400W, Vi»=50V, and #=90%, I, can be obtained as
around 28A.The turns of coil are N;=N,=55 and the wire size of the winding of coil is
AWG11.

4.1.4. Control Circuit:The main function of the control circuit is PEM signal generation,
electrical detection, and system protection. The control and protection function of the
buck-boost inverter are provided by a low-cost, 16-bit 40MIPS DSP microprocessor
(dsPIC33FJ64MC506). In this case, three different inputs (AN3, AN4, and AN5) are
scanned in CHO, whereas ANO, AN1 and AN2 are the fixed inputs for CH1, CH2 and CH3,
respectively. When any of the electrical signals are larger than the protection value, an
over voltage or over current signal (Oigc, Oio, Ovdc, Ove, OvTe Oigria) 1S read by 1/0 module to
show the fault type. At the same time, the over-voltage or over-current signal is sent to
interrupt module and DSP disables the PWM module. ZCD is the zero cross detecting
signal and is captured by INT4 of interrupt module.

4.2. Software Design of Buck-boost Inverter System

The dsPIC33FJ64MC506 is programmed to capture the zero-crossing signals, sample
six analog signals, execute over-voltage, over-current and over-temperature protection
functions, and generate PEM signals. The operating time sequence of the control system is
shown in Figure.10.

Vet v+ o Ts —>

. T3 PEM y T3 PEM T3 PEM PTPER
1 _ vy 3. A | v AN
TLPEM | T2 PEM T1_PEM / \ Duty cycle

Start Timel,Start PEM Time v,-
base,Read DC voltage PEM

Figure 9. Operating Time Sequence of the Figurel0. Center-Aligned
Control System PEM Signals

The square wave signals produced by the zero-crossing detection (ZCD) circuit are
connected to the Input Capture (IC) of the DSP microprocessor. The capture event, which
is trigged on every rising and falling edge of ZCD signals, starts DSP Timer 1 and PWM
time base. The interrupt service routine (ISR) sets up Timel period register PR1. Capture
ISR produces the PEM signals for switches T1 and T3 in the positive half interval of grid
and generates the PEM signals for switches T2 and T3 in the negative half interval of grid.

Timel ISR calculates the maximum duty ratio of PEM signals according to (6) and then
calculates the duty ratio for every PEM signal according to a sine table. The center-aligned
PEM signals of switches are produced by the DSP PWM module when the DSP PWM time
base is configured in an up/down count mode shown in Figure 11. PTPER is DSP PWM
time base period register and the switching frequency is equal to 12 kHz. PTPER is
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calculated according to the microprocessor clock period T, the designed PEM period Tegw
and the PTMR prescale value Spryr,

2T, (PTPER +1)
Tem = (26)

SF’TMR

In this paper, PEM frequency is 12 kHz, Microprocessor clock frequency is 40MHz and
PTMR prescale value is equal to 1. So, the value of PTPER can be calculated as

PTPER = T;ﬂ ~1-=1666 (27)
cy

In the Time3 ISR, the six analog inputs of voltage/current are sampled and converted to
digital values.

(a) During the positive half period Hardware
configuration of the inverter.

(b) During the negative half period

Figure 11. The Switching Signals of T4, T,, T3 (20 V/div) and Fly-Back Inductor
Currents (5 A/div) (40 ps/div)

5. Experimental Results

Based on the design of the hardware and software, a 400W, three-switch, fly-back,
buck-boost, grid-connected inverter was developed. The fly-back inductance is 300uH.
Filter inductance L; and output capacitance Csare 1mH and 10uF respectively. The dc input
voltage is variable from 50V to 300V. An ac grid of 120V/60Hz is connected with the
buck-boost inverter. The switching signals for power switching devices are generated
based on the proposed PEM principle at a switching frequency of 12 kHz. Experimental
waveforms were measured by TDS3014C digital phosphor oscilloscope.

Figure 12, shows the gate switching signals (Vg 11, Vs 12 and Vg t3), the fly-back
primary inductor current (i.;) and the secondary inductor current (i ,). The dc input voltage
(Vao) is 72V. The experimental results have demonstrated the charging and discharging
process of the fly-back inductor during the positive and negative half periods of the output
voltage. In the charging process, T1 turns on and iy, increases linearly at the rate of Vyo/Lgs.
In the discharging process, T2 turns in the positive half period and T3 turns on in the
negative half period, while i ; or i, decreases to zero at the rate of v, /Lgg and then holds to
zero till the next switching period.
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Figure 12. Waveforms of v,
(200V/div), i, (2A/div), Vg (100V/div),
(10ms/div)

Figure 13. Measured Efficiency of the
Inverter at Different Conditions

When the maximum duty ratio is 0.4 and the input dc voltage is 140V, the inverter
waveforms under standalone operation with a 50Q resistor load are showed in Figure 13.
The root mean square (RMS) of output voltage is 99.9V and the RMS of load current is
1.99A. The output power of inverter is P,=198.4W. The dc input power can be measured
according to the duty ratio and input voltage at P,=217.78W, resulting in the efficiency of
91.1%.

The efficiency of this buck-boost inverter was measured at the conditions of Dp,,,=0.4,
0.5 and 0.625, at variable Vg, as plotted in Figure.14. Experimental results show the
efficiency of inverter decreases when the maximum duty ratio is larger than 0.5. The
efficiency of inverter is higher than 90% when the maximum duty ratio is less than or equal
to 0.5.

Grid-connected operations of inverter have been tested on the experimental setup.
Figure.15 shows the input voltage, output capacitor voltage and injected grid current at
V4c=75.28V, Dnax=0.6. The input power of inverter is P)= 141.7W, output power is Po=
122W and the efficiency of inverter is 86.12%. Figure.16 shows the waveform of the ac
grid voltage, grid current and output capacitor voltage. Experimental results show the
phase shift between the grid voltage and the grid current is almost zero, i.e. a unity power

Figurel4. V4. (100V/div),v, (100V/div),
logria(2A/div) (10ms/div) with V=72V

12

and Dp. =0.6

Figurel5. vgig (200V/div), igrig(LA/div),
Vo(200V/div) (10ms/div) with V4.=100V
and Dp,=0.6
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Figure 16. i, (1A/div), igrig (LA/div),Vs T1 ( 15V/div) (10ms/div) for
I_=1A

The duty ratio was determined based on the dc input voltage and output reference
current according to the PEM algorithm proposed in this paper. Figure 17, shows grid
current, the fly-back inductor current and PEM signals when the output reference current is
1A at peak. The duty ratio is automatically adjusted in the control software when the dc
input voltage is changed. The measured ac current peak value is 1.04A. The experimental
results have verified the operation of the proposed buck-boost inverter and PEM
technology for grid-connected DG systems.

6. Conclusion

The authors have proposed an innovative three-switch fly-back buck-boost inverter for
small DG applications, and a new pulse energy modulation method for generating
switching signals for the inverter control. This inverter provides a potential solution for a
low cost and high efficiency dc-ac converter. It has a low component count with only three
switches and can accommodate a wide range of dc input voltage for an improved energy
output from variable DG resources. Only one switch operates at any moment, leading to a
high efficiency.

This paper presents the concept of pulse energy modulation (PEM), as a new modulation
method alternative to commonly used PWM and PFM. The PEM principle was applied to
the three-switch buck-boost inverter in the DCM operation and CCM operation. The duty
ratio of PEM signals is variable with the dc input voltage and ac output power demands. In
DCM operation, the stored energy in the fly-back inductor is fully transferred to the grid
and the duty ratio is variable with sine wave when the dc input voltage is constant. In CCM
operation, the duty ratio is more complicated because the stored energy is transferred partly
to the grid.

The hardware and software design of the inverter was conducted for the inverter. The
fly-back inductor for a 400W inverter was designed according to DCM operation to
achieve a compact design. The control system was implemented with DSP
dsPIC33FJ64MC506. The analogy-to-digital conversion, zero-crossing capture, PEM
signals generation and control process of DSP were presented in the paper.

The experimental results have shown that pulse energy modulation provides the
buck-boost inverter with a new strategy to inject a sinusoidal current into the grid under
various input conditions. The efficiency of inverter is higher than 90% when the maximum
duty ratio is no larger than 0.5.
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