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Abstract—The input current of single-phase inverter typically
has an AC ripple component at twice the output frequency. The
low-frequency current ripple can cause a reduction in both the
operating lifetime of its DC source and the energy conversion
efficiency of the system. In this paper1, a proposed waveform
control method which can eliminate such a ripple current in boost
inverter system, is discussed. The characteristics of the waveform
control method in boost inverter under input voltage or wide
range load variations are studied. It is validated that by including
an output current feedback loop into the waveform control
method, the reference voltage of the boost inverter capacitors
can be instantaneously adjusted to match the new load, thereby
achieving ripple mitigation for a wide load range. With the control
and feedback mechanism, there is minimal level of 2ω component
at the DC bus during steady state, and the transient response
is rapid with negligible effect on the output voltage. Analysis,
simulation and experimental results are presented to support the
investigation.

I. INTRODUCTION

To cope with the problems of global warming and environ-
mental issues, alternative energy sources such as wind power
systems, solar energy and fuel cells are being developed. At
low power levels, such kind of distributed power-generation
systems require the use of grid-tie single-phase inverters [1].
Low-frequency (second-harmonic, i.e., at twice the output
fundamental frequency) current ripples arising from the sin2

power absorption of the load from the inverter’s output is
detrimental to the power conversion system, e.g., causing a
reduction in the operating lifespan and efficiency of the system
[2], [3]. Therefore, mitigating such a low-frequency current
ripple is important towards increasing the lifetime and the
efficiency of the distributed power-generation systems.

Recently, many methods have been presented to eliminate
the low-frequency current ripple. In [4], [5], large electrolyt-
ic capacitors are used for suppressing the current ripples.
However, the electrolytic capacitor tends to increase both
the system’s size and cost, and being a device that has a
limited operating lifetime, it will also shorten the lifetime of
the system [6]. In [7], various methods of reducing power
pulsation through power decoupling techniques are reviewed.
These methods require additional hardware to act as the power
decoupling circuits. In [8], [9], methods of active harmonic
compensation using external bidirectional DC/DC converter

1This research are supported by the National Natural Science Foundation
of China (NSFC) number 51107092, China Postdoctoral Science Foundation
funded project number 2012M511693.

are proposed. These methods also require extra hardware and
are not preferred.

In systems with a two-stage power conversion setup com-
prising a first-stage DC/DC converter and a second-stage
DC/AC inverter, the output pulsation power can be contained
in the middle section of the system at the DC-link side
of the DC/AC inverter side instead of having the pulsation
power appearing at the input side of the DC/DC converter
[10]. This is achieved by allowing the voltage of the DC-
link capacitor of the DC/AC inverter to fluctuate with respect
to the power fluctuation such that the pulsation power is
absorbed by the capacitor. To prevent the fluctuation voltage
and power from being injected from the DC-link capacitor
back to the input voltage source, the current-loop bandwidth
of the DC/DC converter must be controlled at 100 Hz or less.
Although this method is applicable and effective, the design
of the second-stage DC/AC inverter is complicated. Moreover,
limited by the DC/DC converter’s bandwidth, the system’s
dynamic performance is very poor and can achieve stability
only after several fundamental-frequency cycles.

In view of this, in [11], a waveform control method for
eliminating low-frequency current ripple of differential boost
inverter systems, without the use of any additional power
component or electrolytic capacitor, was proposed. Through
the method, the second-harmonic pulsation power is supplied
by the output AC capacitor pair of the differential boost in-
verter, while the average power to the load is supplied directly
by the DC bus. Hence, there is ideally no second-harmonic
low-frequency current flowing into the DC bus. Extending
from the work in [11], which describes only the steady-state
performance of the system under constant loads, this paper
presents the results of the investigation on how the waveform
control method performs under input voltage or load variations
when the original waveform control method is implemented
with a load current feedback mechanism, which dynamically
changes the controlled reference voltage of the capacitors.
Furthermore, the small-signal characteristics of this system,
which is concerned with system’s stability, is presented.

II. THE WAVEFORM CONTROL METHOD

A. Boost-Inverter Topology

Typically, the output voltage of the fuel cell or photovoltaic
(PV) cell is low and it varies with the load current. Therefore,
the output of the fuel cell or PV cell should be boosted before
being inverted into an AC voltage for grid connection. A
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Fig. 1. The boost inverter topology.

two-stage power conditioning system which has a DC–DC
boost converter stage and a DC–AC inverter stage has been
presented in many papers [5], [9]. However, this type of power
converters has many drawbacks such as being bulky, costly,
and inefficient. An alternative to the two-stage solution is the
differential boost-inverter topology proposed in [12]–[14], as
shown in Fig. 1. This topology is able to concurrently boost
and invert the system’s input voltage within a single converter
stage. The boost inverter provides attractive advantages, such
as low cost and high efficiency, without the need for additional
components. Active harmonic compensation with an external
bidirectional DC/DC converter method was proposed for the
boost inverter to minimize the low-frequency ripple [8], [15].
However, this requires additional hardware components.

B. Theory of Waveform Control Method

The waveform control method proposed in [11] will be
briefly reviewed in this section to facilitate the later analysis.
Fundamentally, the mitigation of the second-harmonic ripple
current flowing into the DC bus is achieved by making the
second-harmonic pulsation power circulates from the load
through the inverter’s output capacitors using the waveform
control. To realize this, the voltage of the two output capacitors
must be accurately controlled according to the prescribed
theory.

As shown in Fig. 1, the boost inverter is made up of two bi-
directional boost converters with their output connected in se-
ries. Each boost converter generates a DC bias with deliberate
AC output voltage so that each converter generates a unipolar
voltage greater than the DC voltage with a variable duty cycle
condition. For this boost inverter, with the waveform control
method, the required capacitor voltages and their combined
output voltage will be

vc1 = Vd +
1

2
Vmax sin(ωt) +B sin(2ωt+ ϕ), (1)

vc2 = Vd +
1

2
Vmax sin(ωt− π) +B sin(2ωt+ ϕ), (2)

and

vo = vc1 − vc2 = Vmax sin(ωt), (3)

where vc1 and vc2 are the two output capacitor voltages,
Vmax is the amplitude of the output voltage vo, ω is the
line frequency, and Vd is the DC-bias voltage. B and ϕ are
respectively the voltage peak amplitude and the initial phase
angle of the second-harmonic component. From (3), it can be

observed that the required output voltage is as desired, i.e.,
comprising only the AC component.

For a single-phase inverter system operating with unity
power factor, the output current can be described by

io = Imax sin(ωt), (4)

where Imax is the peak amplitude of the output current io.

The input current iin is

iin =
VmaxImax + 4B2Cω sin(4ωt+ 2ϕ)− VmaxImax cos(2ωt)

2Vin

+
1
2
V 2
maxωC sin(2ωt) + 8VdBCω cos(2ωt+ ϕ)

2Vin
(5)

and the low-frequency component at 2ω is

iin(2ω) =
−VmaxImax cos(2ωt) + 1

2
V 2
maxωC sin(2ωt)

2Vin

+
8VdBCω cos(2ωt+ ϕ)

2Vin
. (6)

If iin(2ω) = 0, there will not be 2ω current ripple in iin. With
that, the amplitude B is

B =
Vmax

8VdωC

√
I2max + ω2C2V 2

max/4 (7)

and the phase angle ϕ is

ϕ =
π

2
− sin−1 Imax√

I2max + ω2C2V 2
max/4

. (8)

By ensuring that the capacitor voltages track precisely equa-
tions (1) and (2), of which B and ϕ are calculated from (7)
and (8), the low-frequency current ripple of the inverter will
be mitigated.

III. TRANSIENT AND SMALL-SIGNAL SOLUTIONS OF
BOOST INVERTER SYSTEM WITH WAVEFORM CONTROL

A. Waveform Control Under Line and Load Variation

1) Waveform Control Under Load Variation: The wave-
form control method is able to mitigate the low-frequency
current ripple of the inverter system under a known rated
load. According to (7) and (8), once the load is fixed, the
amplitude B and the phase angle ϕ will be fixed. Thus, the
generated references of the capacitor voltages calculated from
these values are strictly accurate for the condition of the rated
load. In case of a load deviation, the condition satisfying (7)
and (8) will be violated. Thus, the mitigation property of the
low-frequency current ripple will be increasingly weakened as
the load deviates further away from its rated value.

Equations (1) and (2) can be expanded as

vc1 = Vd +
1

2
Vmax sin(ωt) +B cos(ϕ) sin(2ωt)

+B sin(ϕ) cos(2ωt), (9)

and

vc2 = Vd +
1

2
Vmax sin(ωt− π) +B cos(ϕ) sin(2ωt)

+B sin(ϕ) cos(2ωt). (10)
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From (8), sin(ϕ) and cos(ϕ) are

sin(ϕ) =
ωCVmax/2√

I2max + ω2C2V 2
max/4

(11)

and

cos(ϕ) =
Imax√

I2max + ω2C2V 2
max/4

. (12)

Therefore, the reference capacitor voltages are

vc1 = Vd +
1

2
Vmax sin(ωt) +

V 2
max

16Vd
cos(2ωt)

+
VmaxImax

8VdwC
sin(2ωt) (13)

and

vc2 = Vd +
1

2
Vmax sin(ωt− π) +

V 2
max

16Vd
cos(2ωt)

+
VmaxImax

8VdwC
sin(2ωt). (14)

If the system is fixed, Vd, Vmax, ω, and C are constants.
It can be seen that the amplitude of the fourth term of
(13) and (14), i.e., VmaxImax

8VdwC sin(2ωt), is proportional to the
output current, while the amplitude of the remaining terms
are fixed. Thus, if information of the load current is present,
whenever a load change is detected, the reference capacitor
voltages can be instantaneously calculated according to (13)
and (14) to maintain iin(2ω) = 0. In other words, by including
a current feedback mechanism into the waveform control
implementation, the capacitor voltages can be automatically
adjusted according to the load change to continually mitigate
the low-frequency current ripple.

2) Waveform Control Under Input Voltage Variation:
According to equations (13) and (14), the input voltage does
not have a direct relationship with the reference capacitor
voltages. In essence, a variation of the input voltage has no
effect on the low-frequency current ripple mitigation of the
inverter as long as (15) remains valid proposed in [11].

Vd >
1

2
Vmax + Vin +B. (15)

B. Small-Signal Model

The small-signal model of the boost inverter is represented
in the block diagram given in Fig.2.

�������� ����	
�

��� ��	
�

���

�����
��
� ������ ���� �

Fig. 2. Block diagram of the small-signal model of the boost inverter

Here, Gc(s) is the compensation gain, 1
VM

is the pulse
width modulation gain, Gvd(s) is the control-to-output transfer
function, H(s) is the sensor gain, and îload and v̂g are
respectively the variation of the load current and the AC line

voltage. According to (13) and (14), the relationship between
�Vc and �Imax can be derived as

�Vc =
Vmax � Imax

8VdωC
sin(2ωt). (16)

Then, the transfer function from iload to Vref can be derived
as

Gref(s) =
Vmax

8VdωC

2ω

s2 + 4ω2
. (17)

The control-to-output transfer function can be derived as

Gvd(s) =
V

1−D

1− s
ωz

1 + s
Qωo

+ ( s
ωo

)2
, (18)

where ωo = 1−D√
LC

, ωz = (1−D)2R
L , and Q = (1 − D)R

√
C
L .

With the following design: Vin = 90 V, Vo = 110 V, L =
300μ H, C = 15μ F, the open-loop transfer function of iload
to vc is

Topen(s) = Gc(s)
1

Vm
Gvd(s)H(s). (19)

In which, H(s) = 1, the compensator selects double zeros and
double poles. In Fig.3 both the cross over frequency and the
phase margin is accepted by the stable converter.
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Fig. 3. Open-loop Bode plots of the system.

C. Simulation Results

To validate the effect of load and line variations on the
boost inverter with the waveform control using the current
feedback mechanism, simulation is performed on a MAT-
LAB/Simulink platform. The simulation results for the one-
quarter and full rated loads are presented. The simulation
parameters are given in Table I.

Figs. 4(a) and 4(b) show the simulation waveforms of the
output voltage vo, the capacitor voltages vc1 and vc2, and the
input current iin under full and one-quarter rated current and
output current io based on the proposed control technique.
From Fig. 4(a) and 4(b), it can be seen that the input current
has negligible 2ω current-ripple component and the output
voltage is of the desired waveform in both situations.
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Fig. 4. The waveforms of voltage and current with rated and one-quarter load.
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Fig. 5. Waveforms of inverter operating with step input voltage change from 90 V to 100 V.

TABLE I. SPECIFICATIONS OF BOOST DIFFERENTIAL INVERTER

Input voltage Vin 90 V
Output voltage (RMS) 110 V
Rated power Pe 121 W
Fundamental frequency f 50 Hz
Switch frequency fs 50 kHz
Inductors (L1, L2) 300 μH, 10 A
Capacitors (C1, C2) 15 μF, 800 V, film cap.
DC bias (Vd) 219 V

IV. EXPERIMENTAL RESULTS

An experimental prototype of the boost inverter based
on the same parameters is set up. The control method is
implemented using a DSP controller.

Figs. 5 shows the voltage and current waveforms of the
boost inverter operating with a pure resistive load and a
step-change in input voltage from 90 V to 100 V. Here,
the waveforms of input voltage vin, output voltage vo, input
current iin, output current io are captured. From the figures,
it is clear that the system has a good dynamic response
with respect to the step change in input voltage. When the
input voltage was increased, output voltage and output current
remained unchanged, and the 2ω current ripple elimination was

achieved at all times.

Fig. 6 shows the waveforms of the output voltage, the
output current, and the input current of the inverter with the
system starting at rated load, then having a load change to one-
quarter load at 260 ms, and then resuming to rated load at 745
ms. It is shown that the system achieves steady state within
10 ms of the load change. Concurrently, the output voltage
remains constant and that there is negligible 2ω current ripple
component during the entire process.

V. CONCLUSIONS

The characteristics of the waveform control method in
boost inverter under input voltage or load variations for low-
frequency current ripple mitigation are studied in this paper. By
incorporating a current feedback mechanism into the waveform
control method, the generated capacitor voltage references are
instantaneously tracing the condition of the load current so that
ripple mitigation can be automatically achieved at all times.
Experimental results illustrated that the method is effective in
mitigating the low-frequency current ripple even when the load
or input voltage is significantly different from the rated values.
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Fig. 6. The waveforms during a load change.
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