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Abstract: -Single-phase grid-connected inverter (GCI) is a kind of single-phase voltage source converter (VSC), 
and as the indispensable tie unit between different power supplies, it is widely used in the fields of wind 
generation and solar PV generation. In the paper, as first, on the basis of the concept of the discontinuous 
pulse-width modulation (DPWM) for three-phase VSI, a new DPWM of single-phase GCI is presented by means 
of zero-sequence component injection. Then, the transformation from stationary frame (abc) to rotating frame (dq) 
is designed after reconstructing the other orthogonal current by means of one order all-pass filter. Finally, the 
presented DPWM based single-phase GCI is established, analyzed and simulated by means of 
MATLAB/SIMULINK. The simulation results show the validation of the above modulation algorithms, and the 
DPWM based single-phase GCR has reduced power loss and increased efficiency.  

Key-Words: - Voltage source inverter, Grid-connected inverter, Zero-sequence component, Discontinuous pulse 
width modulation, abc-dq coordinate transformation, Slide mode control 
 
 
1 Introduction 

The traditional single-phase voltage source 
converter (VSC) can work as different power 
electronic converter (PEC), including single-phase 
voltage source inverter (VSI). When VSI is 
employed as tie unit between different power 
supplies, it becomes grid-connection inverter 
(GCI) .  

As a PEC, in the process of operation, it is 
inevitable that the power devices in GCI will produce 
power losses, which can reduce the overall efficiency 
and do harm to their service lives. Generally, the 
power losses can be divided into dynamic losses and 
static losses. The former includes turning-on loss and 
turning-off loss, which accounts for a large proportion 
and goes up with the increase of the switching 
frequency. The latter includes on-state loss and 
off-state loss, where on state loss is related to on 
resistance and duty cycle, and off state loss can be 
neglected due to the small percentage. Of course, the 
power losses are subject to the switching stress, 

including switching voltage and switching current.  
Many efforts are plunged to make clear the 

heating mechanism, mathematical model, equivalent 
circuit and computation method. Essentially, in order 
to degrade the power losses, it is helpful to modify the 
modulation algorithm without the sacrifice of the 
waveform synthesis. Switching loss reduced PWM, i.e. 
discontinuous PWM has obtained much investigation 
for three-phase VSC with many outcomes [1-10], 
including APF [11-12]. The main principle is to inject an 
appropriate zero-sequence component into the original 
sinusoidal target function and gain a discontinuous or 
piecewise target function. There are durations where 
the maximum duty cycle is 1 or the minimum duty 
cycle 0. The best arrangement is to make such 
durations fall into the neighborhood of peak current in 
order to decrease the resultant losses to a maximum 
extent. 

In the paper, the above concept is introduced to 
single-phase GCI. In order to obtain d and q axis 
components in dq coordinate, the general method is to 
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reconstruct an orthogonal input current by phase 
shifting and 2x2 rotating transformation matrix[13-16]. 
A first-order all-pass filter is used which can 
effectively create the orthogonal current signals[17-18]. 
According to the above descriptions, a new DPWM 
based single-phase GCI is investigated and simulated 
in the paper. The gained results prove that the new 
DPWM based single-phase GCI features reduced 
power losses.  

2  Principle of DWPM 
A. The circuit topologies 

The power stage of single-phase GCI is shown in 
Fig.1(a), where reverse conduction switches S1 and 
S4 constitute the first arm, and S3 and S6 constitute 
the second arm, and each reverse conduction switch 
consists of an IGBT and an anti-paralleled 
free-wheeling diode. The grid filter is of LCL type or 
L type. 
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Fig.1 Power stage of single-phase GCI 

 

B. The presented DPWM 
As for single-phase GCI, there are two basic 

device grouping methods. Reverse conduction 
switches S1 and S6，S3 and S4 are severally in a 
group, named grouping I, which merely can use 
double polarity continuous SPWM; 

Reverse conduction switches S1 and S4，S3 and 
S6 are severally in a group, named grouping II, which 
can use double polarity continuous SPWM, the above 
said DPWMs, and the other PWMs with 
zero-sequence component injection.  

As for grouping II, the phase difference between 
the two fundamental target functions on the two 
midpoint of the two arms can be (0, π]. 

Within any power electronic converters, it is 
inevitable for each power device to produce 
switching-on loss, switching-off loss, on-state loss, 

and the omitted off-state loss. A generalized loss 
expression of each power device was given in 
reference [19]. 

- -

L ds d sP (U , I )g f
−

=              (1) 

where dsU
−  indicates the average on-state voltage drop; 

dI
−  the average on-state current; 

sf
−  the average 

switching frequency; 
LP  the monotonous  increasing 

function of dsU
−  and/or dI

− . 
Equation (18) shows the importance to reduce 

sf
−  and the necessity to move the non-switching zone 

to the maximum conduction current zone, in order to 
reduce the switching loss to a great extent. Another 
critical point is to make all of the reverse conduction 
switches have the same power loss as the best 
possible. 

The concept of DPWM has already been 
investigated and applied in three-phase VSC by use of 
appropriate zero-sequence components[1-4,11-12]. 
Obviously, the practice can be introduced to 
single-phase VSC. 

Given three-phase symmetrical sinusoidal 
functions as the original target functions 

a i

b i

c i

msin( )
msin( - )
msin( + )

u t
u t
u t

ω
ω α
ω α

=
 =
 =

            (2) 

where m is modulation index, 0 m 1≤ ≤ . 
    In Equation (2), the initial phase is zero. Actually, 
when the three-phase VSC works as three-phase GCI, 
the initial phase and m are determined by the working 
conditions. 

a b cmax u u u( , ,）  and 
a b cmin u u u( , ,）  can be 

decomposed as DC component, zero-sequence 
components and even order harmonic components.  

In addition, the third, ninth, fifteenth order 
harmonic components and even DC component can 
also be taken into consideration. The linear 
combination of the above elements can be used as the 
final zero-sequence component.  

The even order harmonic components should be 
eliminated to make the resultant target function have 
the form of pure zero-sequence component. An 
alternative zero-sequence component combination 
can be stated as [1-6] 
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0 a b c

a b c

-k max -
(1-k min 2k-1

u u u u
u u u

= ⋅

+

( , ,）

) ( , , )（）
   (3) 

where k is an arbitrary pulse train, k 1 or 0= . 
Then the new target functions of single-phase 

GCI are obtained as 
'
a a 0
'
b b 0

u u u
u u u

 = +


= +
             (4) 

The existence of zero-sequence component 
changes the waveform of the original target function. 
Equation (4) implies the non-switching zone for a 
specific power device within a mains period, due to 
the occurrence of 1 or 0 for duty ratio. 

The primary task is to make k vary with the 
phase displacement between mains voltage and mains 
current, and to arrange the non-switching zone fall 
into the neighborhood of peak mains current in order 
to minimize the switching losses.  

 
C. The dq coordinate transformation 

In theory, well-designed PI regulator has better 
control results in dq coordinate than in abc coordinate, 
due to it can acquire infinite loop gain and the 
resultant zero steady state error at the fundamental 
frequency.  

Unlike three-phase GCI, single-phase GCI has to 
establish its own abc-dq coordinate transformation.  

An easy approach is to reconstruct the required 
orthogonal phase current with respect to the original 
phase current by directly shifting the initial phase of 
the original current by 1/4 mains period dynamically, 
or by first-order all-pass filter to create the required 
orthogonal signal. The first-order all-pass filter 
features unchanged magnitude of the filtered original 
signal while the initial phase is shifted. The transfer 
function of the first-order all-pass filter is given as 

i
f

i

ω-sG =
ω+s

                (5) 

As a result, the desired two components in αβ 
stationary coordinate are built up. Then conventional 
practice can be used to complete the αβ-DQ 
transformation. 

The αβ-DQ transformation matrix is 

cos( ) sin( )
T

sin( ) cos( )
i i

i i

t t
t t

ω ω
ω ω

 
=  − 

     (6) 

and the corresponding dq-αβ transformation matrix is 

1 cos( ) sin( )
T

sin( ) cos( )
i i

i i

t t
t t

ω ω
ω ω

− − 
=  
 

      (7) 

 

3  Simulation Analysis 
A. DPWM based single-phase GCI 

After combined with abc-dq coordinate 
transformation as well as well-configured PI 
regulation, a simulation platform of the presented 
DPWM based single-phase GCI is established by 
means of MATLAB/SIMULINK and simulated 
thoroughly. 

Simulation conditions: singe-phase mains voltage 
is 120Vrms/50Hz, the desired DC voltage is 385V, the 
rated load power is 2.0kW, and the boost inductance is 
5.0mH, with DC resistance of 0.01Ω. 

Simulation platform of single-phase GCI is 
shown in Fig.2, where the power stage is in Fig.2(a) , 
the coordinate transformation in Fig.2(b), the PI 
regulation in Fig.2(c), the k generation in Fig.7(d), the 
DPWM generation in Fig.2(e). 

The frequency of k is three times of the mains 
frequency. Because the specified IGBT is in off state 
within the 60° interval after the peak mains current, its 
initial phase is 30° leading to the mains current.  

When the single-phase GCI works at PF=1, its 
initial phase is 30° leading to the mains voltage/mains 
current. The first-order all-pass filter can be used to 
gain the initial position of k. 
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(a) Power stage of the single-phase GCI 
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(b) Coordinate transformation of the single-phase GCI 
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(c) PI regulation of the single-phase GCI 

switch1

pulse

f(u)

inductive load

50

in freq.

-pi*u(1)/0.01

capacitive load

pi/6

c6

9*pi/6

c5

11*pi/6

c4

5*pi/6

c3

7*pi/6

c2

pi/2

c1
ZOH

10

0.0001s+1
Trans Fcn1

TD1

Switch3

Switch2

In

S

   S/H

S&H

Mux

Mux6

Mux

Mux5

Mux

Mux4

Mux

Mux3 Mux

Mux21

Mux

Mux2

Mux

Mux1

T
1e-005 

Monostable

MS4

NOT

Log5

AND

Log4

NOT

Log3

NOT

Log2

XOR

Log1

up
u
lo

y

Interval Test
Dynamic2

up
u
lo

y

Interval Test
Dynamic1

up
u
lo

y

Interval Test
Dynamic

1
s

Integrator

u(1)+u(2)

Fcn9

u(1)+u(3)

Fcn8

u(1)-u(2)

Fcn7

u(1)+u(2)

Fcn6

u(1)+u(3)

Fcn5

2*pi*u(1)*u(2)

Fcn4

-(1*pi/6-u(1))

Fcn3

(u(1)-u(2))*pi/180

Fcn2

u(1)+u(2)

Fcn11

u(1)+u(3)

Fcn10

u(2)-u(1)

Fcn1

Convert

DTC2

Convert

DTC1

0

Const.0~5

1

Const.0~3

Clock1

-30*pi/180

-pi/6 rad

+30*pi/180

+pi/6 rad

 
(d) k generation of the single-phase GCI 
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(e) DPWM generation 

Fig.2 Simulation platform of single-phase GCI, based on 
DPWM  (a) the power stage, (b) the coordinate transformation, 

(c) the PI regulation, the k generation, (d) k generation of the 
single-phase GCI, (e) the DPWM generation 

 
Fig.3 shows the waveforms of pulse train k, 

zero-sequence component u0, the fundamental 
function u0, and the final target function. 

Fig.4 shows the waveforms of mains current and 
currents of IGBT S1, S2, S3 and S4.  

Fig.5 shows the waveforms of mains current and 
currents of free-wheeling diode FRD1, FRD2, FRD3 
and FRD4.  
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component u0, the fundamental function u0, and the final target 
function, based on the presented DPWM 

 

Time (5ms/div)

IG
B

T 
S6

 c
ur

re
nt

 
(1

0A
/d

iv
)

IG
B

T 
S3

 c
ur

re
nt

 
(1

0A
/d

iv
)

IG
B

T 
S4

 c
ur

re
nt

 
(1

0A
/d

iv
)

IG
B

T 
S1

 c
ur

re
nt

 
(1

0A
/d

iv
)

M
ai

ns
 c

ur
re

nt
 

(2
0A

/d
iv

)

 
Fig.4 Waveforms of mains current and currents of IGBT S1, S2, 

S3, S4, based on DPWM, based on the presented DPWM 
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Fig.5 Waveforms of mains current and currents of 

free-wheeling diode FRD1, FRD2, FRD3 and FRD4, based on 
the presented DPWM 

 

As for the presented DPWM, it is unlikely to 
make the non-switching zone distributed 
symmetrically on both side of peak mains current, or 
else, there can be more non-switching zones, and the 
current waveform will get more complicated. It has 
the following characteristics: 

(1) The four IGBTs are constantly conducted 
within the non-switching zone, but the four FWDs are 
constantly non-conducted within the non-switching 
zone, bringing about almost the identical switching 
losses, nevertheless the conduction losses are slightly 
different due to unsymmetrical current details; 

(2) IGBT S1 and S4 constitute the first arm, and 
the non-switching zone of S1 falls into the interval 
[90°, 150°], and that of S4 [270°, 330°]. IGBT S3 and 
S6 constitute the second arm, and the non-switching 
zone of S3 falls into the interval [210°, 270°], and that 
of S6 [30°, 90°]; Accordingly, the non-switching zone 
of FRD1 [270°, 330°], FRD4 [90°, 150°], FRD3 [30°, 
90°], and FRD6 [210°, 270°]; 

(3) The current waveforms of FWD1 and S4, 
FWD4 and S1, FWD3 and S6, FWD6 and S3 are 
complementary, respectively, and the summations of 
them appear as half period sinusoidal waveforms. 
 
B. SPWM single-phase GCI 

In order to make clear comparisons, the 
traditional continuous SPWM based single-phase GCI 
is simulated under the same conditions. 

Fig.6 shows the waveforms of mains current and 
currents of IGBT S1, S2, S3 and S4. 

Fig.7 shows the waveforms of mains current and 
currents of free-wheeling diode FRD1, FRD2, FRD3 
and FRD4. 

The presented DPWM features the same 
switching number and roughly symmetrical current 
distribution. Perhaps it is a promising PWM for 
single-phase GCI. 
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Fig.6 Waveforms of mains current and currents of IGBT S1, S2, 

S3, S4, based on the SPWM 
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Fig.7 Waveforms of mains current and currents of 

free-wheeling diode FRD1, FRD2, FRD3 and FRD4, based on 
the SPWM 

V. Loss Calculation 
Assuming the carrier frequency is all the same, 

different modulation algorithm can lead to different 
static losses and dynamic losses, which can be 
formulated, calculated and compared. 

A. The continuous SPWM 
    Take the device grouping I as instance, when the 
single-phase GCI reaches the steady state, with 
respect to the mains voltage, the target function can be 
written as 

a a i im sin(ωt-θ)u =          (8) 

where the modulation ma and the initial phase θi 
depend on the working conditions. 

Due to the symmetry of circuit and control, the 
four IGBTs have the same power losses nearly, so do 
the four FWDs. The current waveforms through S1 
and S6, S3 and S4 are identical roughly, respectively. 
The current waveforms through S1 (S6) and S3 (S4) 
are different only in phase. 
    Take power device S1 for instance, the average 
on-state loss can be derived as 

ce

π
a

im i(sat)i0 i im
1-1 I ) I )

2
sin(ωt siU @[ n(ωt ] ωt

2π
du

⋅∫  (9) 

where 
imI is the magnitude of mains sinusoidal current, 

d(sat)U  is the instantaneous IGBT saturation voltage 

drop corresponding to the mains current. 
The average switching loss is 

c0.01f

on off im i c
n=1

E +E [@I sinω×n/f ]∑ ( ) ( )       (10) 

where onE and offE  are the energy consumption 

during every turning on and every turning off, 

respectively, cf  is the carrier frequency. 

Take free-wheeling diode FWD4 for instance, 
the average on-state loss can be derived as 

ce

π
a

im i(sat)i0 i im
1-1 I ) I )

2
sin(ωt siU @[ n(ωt ] ωt

2π
du

⋅∫  (11) 

    The average switching loss is 
c0.01f

err im o c
n=1

E @[I sinω×n/f ]∑ （）         (12) 

where errE  the energy consumption during every  

reverse recovery. 
B. The presented DPWM 

The presented switching-number reduced 
DPWM can only employ the device grouping II. 
When the single-phase GCI reaches the steady state, 
with respect to the mains voltage, the target function 
can be written as 

'
a a i i o
'
b b i i o

m sin(ωt-θ)

m sin(ωt-α-θ)

u u
u u

 = +


= +
       (13) 
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The average on-state loss of power device S1 is 

    c

'π
a

i e(sat)m im0 i i i
1+1 I d

2
U @[ sin(sin(ωtω )) I

2
tωt]

π
u

⋅∫ (14) 

The average on-state loss of power device S4 is 

ce(sa

'2π
a

im ) im o oto U1-1 I ) I@[ sins ( d
2

in(ωtω )] ω
π

t t
2

u
π

⋅∫      (15) 

The average on-state loss of power device S3 is 

ce(sa

'2π
b

im ) im o oto U1+1 I ) I@[ sins ( d
2

in(ωtω )] ω
π

t t
2

u
π

⋅∫      (16) 

The average on-state loss of power device S6 is 

ce

'π
b

im io o(sat m0 ) o
1-1 I ) I

2
U @[ sin(in(ωtω )] ω

2
t

π
tdu

⋅∫      (17) 

The average on-state loss of FRD1 is 

d(sat

'2π
a
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2
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The average on-state loss of FRD4 is 
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The average on-state loss of FRD3 is 

d(sat

'π
b

im i) mi i i0
U1+1 I ) I@[ sin( d

2
sin(ωtω )]

π
tωt

2
u

⋅∫      (20) 

The average on-state loss of FRD6 is 

d(sa

'2π

i im im i it)U @[1-1 I ) I sisi n(n(ωtωtω ]d
22π

t)bu
π

⋅∫      (21) 

The average switching loss of every IGBT is 
c

c

c

0.01f /6

on off im c
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on off im c
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i

i

E +E @[I sin n/f ]

+ E +E @[I sin ω n/f ]

ω ⋅

⋅

∑

∑

( ) ( )

( ) ( )

 (22) 

The average switching loss of every FWD is 
c

c

c

0.01f /6

err im c
n=1

0.01f

err im c
n=1+0. /

i

01f 2
i

E @[I sin n/f ]

+ E @[I sin n

ω

ω /f ]

⋅

⋅

∑

∑

( )

(）

    (23) 

C. Power Device loss analysis 

Compared with the continuous SPWM, the 
presented DPWM has the following features: 

(1) Power device IGBTs are in off state within 
interval [30°，90°] or [90°，150°], and the switching 
number is reduced by 1/3, leading a reduced switching 
loss, roughly by 40%;  

(2) Power device FWDs are in on state within 
interval [30°，90°] or [90°，150°], and the switching 
number is reduced by 1/3, leading a reverse recovery  
loss, roughly by 40%;  

Apparently, the overall switching loss decreases, 
but it is needed to evaluate whether the overall 

conduction loss decreases or not. It is very difficult to 
exactly calculate the overall loss using the given 
equations, due to the nonlinear relationship between 
the conduction voltage drop and conduction current. 
D. Calculation instances 

It is difficult to precisely calculate the power loss 
according to the given data of power devices, 
because the practical working conditions are more 
different with the listed test conditions in given 
datasheet. 

Power devices from different manufactures have 
different performances and parameters in terms of 
design principle, manufacturing process and 
voltage/current rating.  

According to the delivered power of 2.0kW, two 
kinds of IGBTs with anti-parallel FWDs built inside 
are chosen as candidate power devices. The relevant 
curves and data come from their respective datasheet.  

(1) IPM PM25CS1D120 
PM25CS1D120, produced by MITSUBISHI, 

which is characteristic of 25A@25°C, 1200V, 
one-bridge arm power module, built-in free-wheeling 
diode, and the relation curves are shown is Fig.8. 

 

 
(a) Uce(sat) vs Ic of IGBT 

 
(b) Ic vs VEC of FWD 
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(c) ON/OFF energy of IGBT   

  
(d) Recovery energy of FWD 

Fig. 8 Relation curves of PM25CS1D120 
 

(2) IPM PM50CS1D060 
PM50CS1D060, produced by MITSUBISHI, 

which is characteristic of 50A@25°C, 600V, 3H 
bridge power module, built-in free wheel diode, and 
the relation curves are shown is Fig.9. 

 

    
(a) Uce(sat) vs Ic of IGBT    

 
(b) Ic vs VEC of FWD 

   
(c) ON/OFF energy of IGBT  

 
  (d) Recovery energy of FWD 

Fig.9 Relation curves of PM50CS1D060 

Within Simulink simulation environment, the 
loss calculation platform is established,. At first, draw 
the above ten dotted characteristic curves (@125°C) 
into ten 1-D tables, and then look up IGBTs’ 
conduction voltage drop, switching on loss and 
switching off loss as well as FWDs’ forward voltage 
drops and reverse recovery losses according to these 
characteristic curves. Finally, calculate all the average 
losses within a mains period and fill the original data 
in Table 1.  

It can be seen from Table 1 that as for any power 
devices, in case of DPWM, the total losses within the 
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single-phase GCI is much lower than those in case of 
SPWM. And the total switching loss in case of 
DPWM is much lower than those in case of SPWM, 
but the total on loss in case of DPWM is slightly 
higher than that in case of SPWM. In order to increase 
the energy-saving effect, the simulated average losses 
and calculated losses for the DPWM based 
single-phase voltage source rectifier (VSR) is shown 
in Table 2. The tables show the same scenario with a 
small difference. This is because the responding 
currents of IGBT and FWD in the power stage are 
exchange for the GCI’s regeneration and VSR’s 
consumption, and the switching characteristics are 
different between IGBT and FWD. It also can be seen 
form Table 1 and Table 2 that the power device with 
high blocking voltage and low conducting current has 
higher losses. This complies with the manufacturing 
principle. 

V. Conclusions 

In the paper, according to the discontinuous 
pulse-width modulation (DPWM) principle of 
three-phase VSC, the DPWM of single-phase GCI is 
presented, analyzed and simulated by means of 
MATLAB/SIMULINK. The DPWM is realized by 
use of the injection of special zero-sequence 
component. Simultaneously, the continuous SPWM, 
based single-phase GCI is simulated as comparison. 
The presented DPWM can reduce the whole power 
losses obviously for each power device, and the power 
losses is roughly even distributed among them. The 
presented DPWM has the following features: (1) 
Power device IGBTs are in off state within interval 
[30°，90°] or [90°，150°]; (2) Power device FWDs are 

in on state within interval [30°，90°] or [90°，150°]; (3) 
The average switching number is reduced by 1/3, 
leading a reduced switching loss, roughly by 40%; (4) 
The conduction losses is roughly unchanged, though 
in need of practical measurement.  
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Table 1 Simulated average losses and calculated losses for the DPWM-based GCI 
  IGBT FWD switching 

loss 
subtotal 

(W) 

on loss 
subtotal 

(W) 

Total 
loss 
(W) 

  on 
loss 
(W) 

turning 
on loss 

(W) 

turning 
off loss 

(W) 

subtotal 
(W) 

on 
loss 
(W) 

Err 
(W) 

subtotal 
(W) 

PM25CS1D120 
x4 

DPWM 35.20 39.10 28.20 102.5 18.15 28.80 46.95 96.10 53.35 149.45 
SPWM 35.10 67.95 49.20 152.3 16.38 45.90 62.28 163.05 51.48 214.53 

PM50CS1D060 
x4 

DPWM 27.40 14.20 12.60 54.2 12.80 12.60 25.40 39.40 40.20 79.60 
SPWM 27.30 24.70 21.70 73.7 11.43 19.72 31.15 66.12 38.73 104.85 

 
 
 

Table 2 Simulated average losses and calculated losses for the DPWM-based VSR 
  IGBT FWD switching 

loss 
subtotal 

(W) 

on loss 
subtotal 

(W) 

Total 
loss 
(W) 

  on 
loss 
(W) 

turning 
on loss 

(W) 

turning 
off loss 

(W) 

subtotal 
(W) 

on 
loss 
(W) 

Err 
(W) 

subtotal 
(W) 

PM25CS1D120 
x4 

DPWM 14.4 31.4 26.0 71.4 46.2 31.0 77.2 88.0 60.6 148.6 
SPWM 18.5 72.2 47.5 138.2 41.6 44.2 85.8 163.9 60.1 224.0 

PM50CS1D060 
x4 

DPWM 11.3 10.8 10.5 32.6 31.2 14.1 55.3 45.4 42.5 87.90 
SPWM 14.4 26.4 22.0 62.8 28.2 20.2 48.4 68.6 42.6 111.2 
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