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Abstract— The purpose of this paper is to provide low cost,
high power quality and high efficiency solutions for grid-
connected inverters. Compared with bipolar switched
inverters, unipolar switched inverters have the advantages of
higher efficiency due to reduced switching frequency and low
iron losses of inductor in output filter. However, unipolar
inverters produce large harmonic distortion due to the dead-
time effects. To address this issue and achieve higher
efficiency, a new PWM modulation and a hybrid current
control scheme is proposed.

Firstly, according to the polarity of current reference, in each
leg, the gate drive signal of positive or negative switch is
removed, and the dead-time insertion is eliminated. With this
modulation method, the inverter circuit operations are divided
into six operation modes, and their mathematical models are
derived.

According to this mathematical model, a hybrid control
scheme is proposed that consists of a PI controller and an
open-loop controller. The PI controller operates in the linear
areas, and the open-loop controller operates in the nonlinear
areas. Several control rules are designed to realize smooth
transition between different control modes.

With this control scheme, firstly, the influence of dead-time
can be eliminated, and the harmonic distortion can be greatly
reduced. Without the influence of switching dead-time, the dc-
link voltage can be minimized that will contribute to reduced
switching losses and smaller ripple current.

The proposed control scheme is verified with simulation and
experimental results. The experimental test is implemented in
a 10 kW single-phase grid-connected inverter that uses a DSP
controller TMS320F2808. The reductions of conversion losses,
low harmonic distortion and low ripple current are all
confirmed in the experimental system. The comparisons
between the conventional control scheme and the proposed
scheme are presented in this paper.

L INTRODUCTION

Renewable energy generation system usually uses a grid-
connected inverter to interface with utility grid. To promote
widespread applications, low harmonic distortion, more
efficient and low-cost grid-connected inverters are required.

Various circuit topologies have been proposed for grid-
connected inverters [1], two-stage inverter circuit is an
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usually used approach that has a dc-dc converter to boost a
low dc voltage to a proper dc-link voltage required for
inverter operations. A high dc-link voltage results in large
switching losses [2] and large ripple current. Due to the large
ripple current, inductor iron losses increases [3], and a larger
dc-link electrolytic capacitor is required because of the high
operation voltage. The minimization of dc-link voltage will
improve the conversion efficiency and contribute to a
reduced size. The dead-time necessary in PWM inverters
results in output harmonic distortion, and deteriorates the
utilization of dc link voltage. To maintain the output quality,
a higher dc-link voltage is required. Many dead-time
compensation methods have been proposed for motor drive
inverters [4]-[6], usually it uses the current polarity to
compensate the dead-time effect. However, for inverter with
LC filter, especially, when a small inductor is applied in the
output filter, it may deteriorate the output on the contrary, to
address this problem, for bipolar switched inverters, a sliding
mode controller is proposed [7][8].

Compared with bipolar switched inverters, unipolar
switched inverters have the advantages of higher efficiency
due to the reduced switching frequency [9] and low iron loss
of inductor in output filter [3]. However, unipolar inverters
output large harmonic distortion due to the dead-time effects
[9]. For low cost solutions, the manufactures prefer a small
inductor in the output filter, in this case, the methods
proposed in [4]-[6] will not produce satisfied improvements,
and because the operation characteristics varies greatly due
to the output power level and the output power factor,
methods shown in [7][8] is not suitable for the unipolar
inverters.

In this paper, to provide high power quality and high
efficiency solutions for grid-connected inverters, a novel
PWM modulation and hybrid current control scheme is
proposed.

To eliminate the influence of switching dead-time,
according to the polarity of current reference, the gate drive
signal of positive or negative switch is removed and dead-
time insertion is eliminated. With this modulation method,
the inverter operation of low current output areas becomes
nonlinear operations, and conventional control method can
not provide satisfied results. By analyzing the behaviors of
this modulation method, the inverter operations are divided
into six operation modes, and a complete mathematical
model is developed. According to this mathematical model,



an open-loop controller is proposed to operate in the
nonlinear areas, and a conventional PI controller is applied in
the linear areas. Several control rules are designed to realize
smooth transition between different control modes.

With this control strategy, the dead-time insertion is
eliminated, without the influence of switching dead-time,
output harmonic distortion can be greatly reduced. The duty
ratio of truly 100% can be carried out that will maximize the
utilization of dc-link voltage. With a low dc-link voltage, the
switching losses can be reduced and the switching frequency
inductor ripple current in output filter decreases that will also
contribute to a small iron losses.

The validation of the proposed control scheme is verified
by simulation and experimental results. In the experimental
system, compared with the conventional control scheme, an
improvement of 0.44% European -efficiency has been
obtained, the total harmonic distortion is reduced to about
1/6-1/3 of the conventional one, and the ripple currents of
inductor in LC filter are reduced by about 20%.
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II.  INVERTER CIRCUIT CONFIGURATIONS

A. Inverter Circuit Configurations

Figure 1 shows the inverter circuit configuration. It
consists of a high-frequency isolated dc/dc converter, a dc-
link capacitor, a voltage source inverter, and an LC output
filter. In this figure, Vpy is the PV input voltage, V. is the
dc-link voltage, Vi, is the inverter output pulse voltage,

L¢/Cy are the inductor and capacitor of LC filter, and L /R
represents the inductance and the resistance between the
inverter and the utility grid. Using unipolar modulation
method, the pulse frequency of inverter circuit output
doubles the switching frequency, therefore switching losses
can be reduced. However, for unipolar inverters with a small
inductor in output filter, because the operation characteristics
varies due to the output power level and power factor, the
dead-time problem becomes a difficult issue.
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Fig. 2. Conventional control block diagram.



B.  Problems of Conventional Current Control

Figure 2 shows the inverter control configuration. The
dc/dc converter realizes the high frequency isolation and
MPPT control. The dc-link voltage is regulated by inverter
controller. A PI controller realizes the inverter current
control, and the AC voltage is used as a feed-forward signal.
Finally, the duty ratio of the positive switch is obtained by
Eq. (1), the gate drive signal of the negative switch is the
complementary output of the positive switch. To prevent the
short circuit of dc-link voltage, a dead-time is inserted
between the commutations.

D=(V,y Wyt 1) 12=((wtV,.) V1) /2 (1

where Vs is the inverter voltage reference, V. is the dc-
link voltage, u is the output of the PI current controller, and
Vae 1s the utility grid voltage, which is measured at the AC
terminal. Since only some wires and EMI filter exist
between the AC terminal and capacitor circuit, Vg is
assumed to the same with the capacitor voltage.

Because this paper is to propose a novel PWM
modulation method and a hybrid current control scheme, the
detail of dc-dc converter and the dc-link voltage control are
omitted in this paper.

Figure 3 shows the experimental waveforms of
conventional control at the condition of V;~360V. Due to
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the dead-time effects, near the zero crossing point,
significant current distortions can be observed. With the
conventional PWM modulation method, because the dead-
time is inserted in the gate signals, the maximum duty cycle
becomes dead-time short compared with the ideal switch
condition. With a similar analysis as shown in [7], the dead-
time error voltage can be depicted as Eq. (2), in the
experimental system, the dead-time is set to be 3us, and the
dc-link voltage should be 21.6V higher compared with the
ideal switch condition.
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III. PROPOSED PWM CONTROL AND ITS ANALYSIS

A.  The proposed PWM modulation control

Figure 4 shows the proposed PWM modulation. When
the polarity of current reference (i) is positive, gate signals
of Q;, and Q,, are removed. Otherwise, gate signals of O,
and ,, are removed. Using this modulation control method,
at the high output condition, a low distortion output can be
achieved. However, at a low power output condition, the
output current presents large distortion. Figure 5(a) shows
the output waveforms at the rated power condition, and
figure 5(b) shows the output at 20% rated power condition.
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Fig. 4. The proposed PWM modulation method.
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Fig. 5. Experimental waveforms of proposed PWM modulation method with conventional PI control.



B.  Mathematical model of the proposed PWM control

To solve the above problems, by analyzing the PWM
behaviors, a mathematical model is developed to describe the
operation characteristics of the proposed PWM modulation
control. In this model, the PWM operations are divided into
six operation modes according to the output current (inductor
current) and the AC voltage.

1) Operation mode 1 ( finy > i./2)

Figure 6 shows the PWM operation waveforms of mode
1 at the condition of V., > 0. Here, Ve is the modulation
voltage reference of IGBT switches, the duty ratio is
calculated according to Eq. (1), Vg is the dc-link voltage, i;,,
is the inductor current in LC filter, i, represents the switching
ripple current, 7, is the average current during a carrier
period, T, is the carrier period, and Vy;./ Vg, /Vgr1/V,,. are the
IGBT gate signals of inverter circuit.

In Fig. 6, during the switching cycle, the current polarity
maintains positive, the time duration 7, can be expressed as
Eq. (3), and equation (4) illustrates the inductor switching
ripple current.

T, Vg | T Vie Vi T,
Tp={-c. 1+ |- |- Al I 3)
2 Ve 2 Vie 2V, 2

1 Vref T 1
ir=T '(Vdc_Vac)'_=—'_C'(Vdc_Vac)'_ 4)
g Ly Vg 2 L,

In this operation mode, because i,,,>0, the gate signals of
Verand V,,, are removed. In this case, after V., turns off,
diode D,, conducts to realize the switching operation.
Ignoring the switch drop voltage (¥} of the free-wheeling
diode, and V., saturation voltage), the average output voltage
of V,,, can be expressed as Eq. (5), without the influence of

switching dead-time, ideal switch operations can be obtained.

L 2Vae Vg T 2V _ 5)
T, Ve 2 T o

c c c

Vinv =

From Eq. (5), the relation between the voltage reference
and the output current (inductor current) can be obtained as

Eq. (6).

iinv = (Vre _Vac)'i (6)

where s is the laplace operator.
At the condition of V. < 0, through a similar analysis,

the ideal switch operation characteristics can also be
confirmed, but the switching ripple current becomes Eq. (7).
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Fig. 6. PWM operation waveforms of mode 1
at the condition of V> 0.

l«——————— Carrier period (T,) —————»
v
L
2 Ve

L)y
1, 2 Vi Tg
1 b :
0 '
-1
Ty
S [
'
Vi h H
&1 Removed—>} H .
. e e o —
# T i¢— Removed
: '
i l
'
V. 1 I I |"VI 4
'
1
Tuo
RS Sl - -
Liny /\ \ : in Liny

Fig. 7. PWM operation waveforms of mode 2.

1

— o———————— oy [
) — n finy >1,/2

Ve i/

2.
- i :[V’ef] s m—z—o/o—>
my ode
V 2 -
0<ijny <i,./2 andVrefZO

ac

2
. Vref +Vae . ll
WA\ VetV ) 2

o— P

-~
Mode3 °
0<iiny <i,./2 and Vyer <0

v\ i
- _ ref ! o—
> lmv——(V ) S [Moded *

ac i, /2 < iiny O and Vypp <0

2
— = M IL WO/O—>
" Vae =Vae 2 -0 : 7
2 —i./2<iiny <0 and quf >0
1 S5

* §- Lf Cf Mode 6

Ve —i,/2

when iy <—=i,/2

Fig. 8. Mathematical model of proposed PWM modulation.



2) Operation mode 2 (0 <i;,, <i,/2 and V. 20)

Figure 7 shows the PWM operation waveforms of mode
2. By utilizing the conventional PWM modulation control
and assuming that the IGBT is an ideal switch, the inductor
current (Z;,) waveform maintains the triangle appearance, on
the positive side, the red line, on the negative side, the dotted
line. The switching ripple current can be expressed as the
same with mode 1 as shown in Eq. (4). However, with the
proposed PWM modulation control, the phenomenon of
zero-clamping occurs, only the positive current can be
produced (the red line).

According to Fig. 7, the average current of period 7}, can
be expressed as Eq. (8).

V.
where i, = ——%<-—<.(V,. =V, )-— (14)
Vi L,

After analyzing all of the operation modes, an overall
mathematical model are achieved as shown in Fig. 8.

IV. HYBRID CURRENT CONTROL SCHEME

According to the developed mathematical model of the
proposed PWM modulation, a hybrid current control scheme
is proposed. Figure 9 shows the configurations of the
proposed hybrid current controller. It consists of a PI
controller and an open-loop controller. The PI controller
operates in the linear areas (mode 1 and 6), and the open-
loop controller operates in the nonlinear areas (mode 2 to

(T +Tn) i mode 5). Several control rules are used to realize smooth
by =t L2 (8)  transition between different control modes.
T1; 2
The PI controller is designed with a conventional method,
where, and the open-loop controller is designed basing on the
T, equations shown in the mathematical model. Actually, the
Ty =7 ) control equations are the reverse transformations of
equations in the mathematical model.
_ Veer . L (10) Instead of the reference voltage (V,), AC voltage
Ve 2 measured at the AC terminals is used to calculate the
inductor ripple current (i,).
T, -V, -V vV
Tp+Tn:Tp+M:TP' dc (11)
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V. SIMULATION VERIFICATION

The proposed PWM modulation and current control
scheme have been simulated with SimPower Systems
toolbox of Matlab/Simulink software. Table I presents the
system parameters of the grid-connected inverter utilized to
obtain the simulation and experimental results. The
comparisons between the conventional PI controller and the
proposed hybrid controller are presented in this section.

Figure 10 shows the comparison at the rated power, and
figure 11 shows the comparison at low power output
conditions. Compared with the results of the conventional
controller shown in Fig. 10(a) and 11(a), very low distortion
current outputs are achieved in Fig. 10(b) and 11(b).

Figure 12 shows the comparisons of total harmonic

VI.  EXPERIMENTAL VERIFICATION

The proposed control scheme has been experimentally
tested in a single-phase 10kW grid-connected inverter shown
in Fig. 1. The controller is implemented with a digital signal
processor TMS320F2808. The system parameters are the
same with the simulation parameters as shown in Table 1.

The comparison between the conventional method and
the proposed are implemented with the same circuit setup
including the measuring instrument. The conventional
scheme and the proposed scheme are implemented in the
same program, and the control method can be selected
through an external command. Since the ambient
temperature and the internal temperature rise have some
influence on the conversion efficiency, in this paper,
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efficiency data is achieved at nearly the same ambient
temperature and after the internal temperature rise has
reached a steady state.

Figure 13 shows the operation waveforms of the
proposed control method. Figure 13(a) is the waveforms at
the rated power condition, and figure 13(b) shows the
waveforms at a low power output condition. Low distortion
outputs are realized, and the results are insensitive to
variations of output power.

Figure 14 shows the output waveforms at the condition of
V=286V, even at the condition of lower limit of dc-link
voltage, low distortion can also be achieved. Because 286V
is very near to the peak voltage of the utility grid, it means
that the dc-link voltage can be fully utilized.

Figure 15 is the measured THD results. The total
harmonic distortion decreases to about 1/6-1/3 of the
conventional, and the improvement is effective in all of the
output range.

Figure 16 shows the inductor current comparison. By
analyzing the measured waveform data with MATLAB/
Simulink software, the RMS value of the switching ripple
current is achieved. The comparison results are shown in Fig.
17. The ripple current is reduced by about 20% according to
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the experimental results.

Figure 18 shows the efficiency improvement and Figure
19 shows the influence of dc-link voltage. Since the
improvement is more effective at the low power output
condition, through calculation using Eq. (15), an
improvement of 0.44% European efficiency can be achieved.

Neuro=0.03 705 +0.06 77, +0.13- oy +0.1- 75 +0.48- 775, +0.2-77,5  (15)

VII. CONCLUSIONS AND FUTURE WORK

For grid-connected unipolar switched inverters, a novel
PWM modulation and a hybrid current control scheme are
proposed. With this PWM modulation method, the gate
signals of the positive side switch or the negative side switch
are removed. Without the influence of switching dead-time,
the utilization of dc-link voltage can be maximized.
Furthermore, to realize high power quality output, the
mathematical model of the PWM modulation scheme is
developed, according this mathematical model, a hybrid
current control scheme is proposed. The proposed current
control scheme consists of a PI controller and an open loop
controller. The PI controller operates in the linear areas and
the open loop controller operates at the nonlinear areas.
Several control rules are designed to realize smooth
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Fig. 16. Inductor current waveforms at 3kW output.
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transition between difference control modes. With this
control scheme, firstly, the influence of dead-time can be
eliminated, and the harmonic distortion can be greatly
reduced. Secondly, the dc-link voltage can be minimized that
will contribute to a reduced loss and a smaller ripple current.
With a low operation voltage, the dc-link capacitor size can
be decreased. The proposed control scheme is implemented
with a DSP controller, and only some program codes are
added. In the experimental system, compared with the
conventional control scheme, the following improvements
have been achieved.

(1) The total harmonic distortion is decreased to about 1/6-
1/3 of the conventional.

(2) The inductor ripple current is reduced by about 20%.
With the same capacitance and a low operation voltage,
the capacitor size can be reduced.

(3) An improvement of 0.44% European efficiency has
been confirmed in the experimental inverter circuit.
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