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A Study on a Carrier Based PWM having Constant Common Mode
Voltage and Minimized Switching Frequency in Three-level Inverter
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Abstract — In this paper, a carrier-based pulse with modulation (PWM) strategy for three-phase three-
level inverter is dealt with, which can keep the common mode voltage constant with minimized
switching frequency. The voltage gain and the switching frequency in overall operating ranges
including overmodulation are investigated and the analytic equations are presented. Finally, the
leakage current reduction effect is confirmed by carrying out simulation and experiment. It will be
pointed out that the leakage current cannot be perfectly eliminated because of the dead time.
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1. Introduction

Transformerless photovoltaic (PV) system has many
advantages such as cost and size reduction and higher
efficiency over the PV system with a transformer. A
common mode (CM) voltage variation between the PV
panels and the ground, however, injects an additional
leakage current in the inverter [1-2]. A PWM inverter used
in motor drive has a similar problem with a high frequency
leakage current that flows through parasitic capacitance
between stator windings and a motor frame to the ground
[3-4]. Such a leakage current may result in harmonics in
the system as well as losses, electromagnetic interference
and even electrical safety problem.

One of the most preferred methods to reduce or
eliminate the leakage current is by modulation strategy
because there is no need to additional hardware. In order to
reduce the leakage current, the CM voltage needs to be
kept as constant as possible in the adopted PWM scheme.

It was found in [5] that there exist 7 specific space
vectors in three-level inverter that produce the same CM
voltage, i.e., the 6 medium vectors and one of three zero
vectors. Thus, if only these vectors are used to achieve a
PWM strategy, the CM voltage will remain constant which
leads to leakage current reduction. Such a PWM method
with a constant CM voltage can be implemented based on
space vector PWM (SVPWM) strategy or carrier based
PWM (CBPWM) technique [6].

In [7] and [8], the SVPWMs for reducing the leakage
currents in three-level inverter system are presented. In the
case of SVPWM, some duty ratio equations should be used
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with sophisticated vector selection algorithms based on the
angle of the reference space vector. However, the CBPWM
has a merit such that there is no need to determine the
electrical angle of the reference space vector. Moreover,
the overmodulation operation is quite simple in CBPWM
scheme. Under the aspects of implementation complexity
and intuitive understanding, the CBPWM method is
preferred to the SVPWM one.

In [9] and [10], some CBPWM techniques for three-
level inverter are presented where only the aforementioned
space vectors with the same CM voltage are used. The
CBPWM in [9] uses single carrier and thus for convenience,
it will be called single carrier based medium vector PWM
(SCMVPWM) in this paper.

The SCMVPWM scheme seems to be quite simple. But
it has much higher switching frequency, i.e., twice that of
the conventional SVPWM in linear mode operation. As a
result, the overall system efficiency will be considerably
deteriorated due to the increased switching frequency.
Moreover, because of dead time involved in every switching
instant, the output voltage loss will be increased.

On the other hand, the CBPWM in [10] uses double
carrier and it is based on specific phase identification
strategy. It is named double carrier based medium vector
PWM (DCMVPWM). The switching frequency in
DCMVPWM is much lower than that of SCMVPWM with
the same effect of constant CM voltage as in SCMVPWM.
The DCMVPWM can support the true overmodulation
from zero to maximum output voltages. In [10], however,
only the main idea and basic features of DCMVPWM are
presented along with simulation study.

In this paper, the DCMVPWM is further investigated
especially focusing on the voltage gain and the switching
frequency in overall operating ranges including linear
mode modulation and overmodulation. DCMVPWM is
compared to SCMVPWM in order to reveal the advantages
of the DCMVPWM. Also, the leakage current reduction
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effect with minimized switching frequency is confirmed by
carrying out simulation and the experiment.

2. The CM Voltage and the Leakage Current

Fig. 1 shows a three-phase three-level inverter system
with a three-phase balanced load in order to investigate the
reduction of the CM voltage variation. In the case of the
grid-connected transformerless PV system, the three-phase
voltage will be utility source and the inductors will be
linked reactors. In motor drive system, the load can be
regarded as an equivalent circuit of the motor. In Fig. 1, C,
and R, represent the stray capacitance and the resistance of
the path from P-point or N-point to ground, which become
a leakage current path. The leakage current flowing
through the grounded path may reach high values without
any careful hardware and/or software treatments.

The condition to eliminate the leakage current is derived
in [8], which is reviewed for self-integration. Fig. 2 shows
the simplified circuit for driving the equation of the
leakage current from N-point to the ground, where VSI
denotes the three-level inverter and the three-phase
voltages, vy, Vay, Vey are the output phase voltages with
reference to the N-point. In Fig. 2, Z  means the combined
impedance of L and r, and Z,,,, means the combined
impedance of C, and R,.

One can obtain the N-point voltage vy with respect to
the ground as follows
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Fig. 2. The circuit for analyzing the leakage current
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Fig. 3. The Space vectors and the corresponding CM
voltages

Assuming the balanced three-phase ac voltage, i.e.,
Veat Vet =0, (1) becomes

-3Z leakage

o L, YeMm 2)
Z_/' + 3Zleakage

VN =

where vy, is the CM voltage that is defined by

Van +VpN T Ven
Vo == (3)

Therefore the leakage current 7,4, is expressed by

. v 3
Heakage = — & = Yem (4)
Zleakage 4 ya + 3Zleakage

It can be noticed from (4) that the leakage current can be
adjusted by controlling v¢,. In order to eliminate the
leakage current, the CM voltage needs to be kept constant.

Fig. 3 illustrates the space vectors and the corresponding
CM voltages. The CM voltage for each switching state can
be calculated by using (3). As an example, for V;[PNN]
vector vy =V, vgy=0, vey =0 and thus vy, = (Vy+0+0)/3
=V,/3. In this case, [PNN] means that A-phase is connected
to P-point, B-phase to N-point and C-phase to N-point.

Note that all the medium vectors (V;~V},), and a zero
vector V,[OOO] has the same CM voltage of V,, /2. As a
result, if only these seven vectors (V,[OOO], V;[PON],
Vs[OPN], Vo[NPO], V([NOP], V},[ONP], V;,[PNO]) are
used to synthesize the output voltage, the CM voltage will
not be changed at all, resulting in the elimination of the
leakage current in the system.

3. Review of DCMVPWM

In order to drive the synthesis rule of the phase voltages,
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Fig. 5. Synthesis of max-phase voltage

the reference phase voltages should be identified according
to the magnitude of the reference phase voltages, that is,

Vmax = rnax( VAOrefs VBOref» VCOref ) (5 )
me mln( VAOiefa VBOrefa VCOref) (6)
led mld( VAOiefa VBOrefa VCOref) (7)

where V0., Viorrand Veo,ris the reference phase voltage
for A-, B- and C-phase, respectively. It is assumed that
Viorer TVsorer TVcorr = 0 for the balanced operation. It
should be noted that V,,,. > 0 and V,,;,, < 0 at any time to
satisfy the zero sum condition, i.e.,

Vmar + led + Vmin =0 (8)

Also, the three phases are identified by max-, mid- and
min-phase instead of 4-, B- and C-phase according to the
reference magnitude as shown in Fig. 4.

Fig. 5 illustrates max-phase voltage synthesis by using
P-point voltage(=V,/2) and O-point voltage(=0). The
reference V,,,, is compared to a triangular signal v,; to
generate the output phase voltage v,,,.. In Fig. 5, the gating
signals Q.. and 0,,. that generate the output phase
voltage v, are depicted. It should be noted that the N-
point is never connected to the output terminal at all in
max-phase because V.. > 0 at all time. Therefore the max-

phase switching toggles between P-point and O-point. Also,
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Fig. 6. Synthesis of min-phase voltage

the gating signal Q,,,, is fixed to 1(i.e., turn-on state). The
turn-on duration of Q4 Tnar 18 €Xpressed by

Vmax

ma =y (2T5) )

Similarly, Fig. 6 shows min-phase voltage synthesis
procedure by using N-point voltage(=-V,./2) and O-point
voltage(=0). The reference V,,;, is compared to a triangular
signal v, to produce the output phase voltage v,,;,. In Fig.
6, the gating signals Q,,,;, and O,,;, to obtain the output
phase voltage v,,;, are shown. In min-phase, there is no
chance to connect the P-point to the output terminal and
the min-phase toggles between N-point and O-point. Note
that the gating signal Q,,,;, is fixed to 0(i.e., turn-off state).
During the turn-off duration of O, Tpin,» min-phase
output voltage becomes N-point voltage and 7,,;, is given
by

min —

|me|
Vo2 -(2T) (10)

Finally, for the mid-phase control, it should be noted that
because of the dependency of the three phases expressed
by zero sum condition of (8), the mid-phase voltage v,,,
will be determined by v,,;; == (V,extVmin) as seen in Fig. 7.

Table 1 shows mid-phase voltage and gating signals
Oimia and Q-4 according to v, and v,;, values. Thus,
O\1mia and O,,,;; can be expressed by

Oimia = Oimax * D2min (11)
Ormia = Oimax * Gomin (12)

The equations, (11) and (12) guarantee the selection of
only the specific seven vectors (V,[O00], V5[PON],
Vs[OPN], V5[NPO], V,[NOP], V;;[ONP], V';,[PNO]).

Fig. 8 shows the overall block diagram for generating
the gating signals. In summary, the gating signal is
generated as follows;
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1) With the reference signals (Vo Vaoress Veorer )s Vinax
and V,,;, signals are obtained by using the sorting
comparator [Eq. (5) and (7)].

2) max-phase control (O1,ue Oomar): Vimar 18 compared to
v,1 whereby Q.. is generated. 0,,,,. is intentionally
fixed by high state at all time.

3) min-phase control (Q1,ip, Oomin): Vimin 1S compared to
v,o Whereby O,,,, is obtained. Q,,;, is intentionally
fixed by low state at all time.

4) mid-phase control (QOi,igs Oomia): The mid-phase
gating signals are obtained by Eq. (11) and (12)

5) The mapping stage: The phase selector translates all
the gating SignalS(leax’ QZmaxa leim Q2mim leids
O>ia) to the actual gating signals. For example, 4-
phase gating signals (Q,,, 0»,) is determined by

Table 1. mid-phase voltage and gating signals

Vimax Vmin Oimax Oomax Vmid Oimax Oomax
0 0 0 1 0 0 1
0 - % 0 0 V—;‘ 1 1

v ; 0 1 1 - V;C 0 0

v ; - V;C 1 0 0 0 1

[/d L Vmax
B
0 |
0 : Vmin |
] ]
A i
| |
(2) ! Vmid '
.
2 o Coo
| ! ! |
leid ! i i E E
T 1
1 ]
QZmid
0 I I I >/

Fig. 7. Synthesis of mid-phase voltage
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Fig. 8. Control block diagram of DCMVPWM
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leax lf VAOref = Vmax
Qla = lein lf VAOref :Vmin (13)
Owmia I Vaorer =Vmia

QZmax J VAOref = Vmax
QZa = QZmin J VAOref = Vmin (14)
QZmid lj‘ VAOr@f = Vmid

Fig. 9 shows the typical waveforms for the DCMVPWM
with amplitude modulation index, m=0.8 and frequency
modulation index m,=36. As seen in Fig. 9, the gating
signal Q;, comes from one of O,.uc, O1min a0d O,,,i4 at each
time according to the magnitude of Vo, Also, it is found
from Fig. 9 that the CM voltage is constant, i.e., V. /2.

4. Characteristics of DCMVPWM

Because the DCMVPWM is basically carrier-based
scheme, it has almost the same advantages and features as
in the traditional sinusoidal PWM used in the conventional
two-level voltage source inverters. In this section, the
characteristics of the DCMVPWM are examined.

4.1 The overmodulation capability

The overmodulation is used to increase the inverter

Vios =V Vsorer =Voia
Viors = Vs Viorer = Vi
——
I P -
0 Viorer VB0res Vcore .
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Fig. 9. Typical waveforms of the DCMVPWM
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Fig. 10. Typical waveforms of the DCMVPWM in over-
modulation (m~=1.2)

t

output voltages beyond its maximum in linear operating
region at the expense of the sacrificed output voltage
waveform quality. For example, in motor drive system,
when the motor is operated at enough high speed, further
increase in inverter output voltage may be required to
maintain the v/f ratio. Also, the overmodulation may be
adopted in high power PV system consisting of several
inverters in parallel, where the operating frequency is
lowered and the output voltage is maximized.

Fig. 10 illustrates the typical overmodulation waveforms
with modulation index of 1.2. When the modulation
index(m;) is increased beyond unity, the command signals
cannot make the intersection with the carrier signals
around their maximum and minimum. It should be noted
that even in overmodulation operation, only the medium
vectors and a zero vector V,[OOO] are selected because of
the restriction of (11) and (12) and thus the CM voltage is
kept constant as seen in Fig. 10

If m; > 2, there is no intersection between reference
signals and carrier signals and thus the output phase
voltage waveforms become the quasi-square wave with the
four-step change, resulting in the maximum output voltage
as seen in Fig. 11.

In four-step mode, the procedure to obtain A-phase
gating signals (Q,,, 0,,) is as follows;

1) max-phase: because there is no intersection between
Ve and v, and V., is always greater than v, O\ ar
will be always high state. 0., is intentionally fixed
by high state. Therefore, O,,0=1, Osmax=1.

2) min-phase: because there is no intersection between
Vyin and v, and V,,;, is always less than v, O,
becomes always low state. O, 1S given by low state.
Therefore, 0,,,=0, O1nin =0.

3) mid-phase: from Eq. (11) and (12), O ,ia =0, Osia =1.

4) Based on (13) and (14), O, and O,, are determined.

Vax
AT AR ATAYATAYAVAYAVAYAVATAYAYAVAVAVAVAVAVATAVATAVAYAVAYAVAVAA

ANV

WWAWWWWAWVWWAWNVANVANY

Vem
B t

(m=2)
/_"iji:ej\ Vecorer
IO s O T S
R
6 0, 6o, !
O'max
0 : t
Oomin |
0 t

lea% | JJ—I‘H“.I ,

O2mia
0 t
O
0= : t
Qimi Olmax Dimid Oimin Oipmid
On B
0 t
Oomi Oomax Qamia, Oomin Oapid

A0 ﬁ
=T T
0

6,

W . ’ﬂ t
1 02 03

Fig. 12. Moving average of the output phase voltage over
switching period in overmodulation operation

_ 1 if VAO}"Gf = Vmax Q _ 0 if VAOrcff = Vmin
710 otherwise * 220 otherwise

It is pointed out that in the DCMVPWM the m; value
from which the four-step mode begins is fixed by 2 while
such m; value is changed depending on the frequency
modulation index in the SCMVPWM.

4.2 The Voltage Gain
In linear modulation operation, the output phase voltage
is proportional to modulation index, m,. The fundamental

component peak value of the output phase voltage, V.. in
linear mode is

1
Vl,peak = (E Vdc)mi (0<m, <1) (15)

Fig. 12 illustrates the typical waveforms in overmodulation
operation where the moving averages over switching
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period are depicted with solid line superposed on each
gating signals and the output voltage. In Fig. 12, the
shadowed area means the intervals during which PWM
operation occur.

Assuming that the carrier frequency is enough high, the
electrical angles @, and & are approximately expressed by

a:f—nmlﬁLJ (16)
3 m;
. 1
6; =sin-! [—J 17
m;

and ,=7/6.

In Fig. 12, V40 denotes the moving average of the
output phase voltage, which is a quarter-wave symmetry
waveform. Referring to Fig. 12, V40 can be expressed by

0 06<6)
@—@misin(€+2—”j (6, <0<06,)
2 2 3
Vio = V;C misin(H) 6, <0<0,) (18)
@ (63 S0<£j
2 2

By obtaining the Fourier coefficient of V4o, one can
drive analytic expression for V.

W {(m,- — 12 +3(mP 1)

Vl eak —
r V4 2m;

+ﬁ%%m{i}1H@pn
2 m ) 12

In the DCMVPWM, the modulation index can be
changed from 0 to maximum (>2.0) while the magnitude of
the output voltages is continuously changed.

Fig. 13 shows the output voltage magnitude with respect
to the modulation index where the output voltage
magnitude curve is obtained from (15) and (19).

(19)

Vl,pea}\
23 v, 4 v
I 100% ~1.103-(ﬁ]
/‘ """"" ffommmmmmas 90.7%
Vdc‘ i
- 1
2 i
i
overmodulation ~ four-step
o . control
4 i i » m;
linear | 2
modulation

Fig. 13. The voltage gain curve of DCMVPWM
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Fig. 14. Maximum output voltage of DCMVPWM

By using overmodulation, the output voltage is increased
by about 10 % compared to maximum value in linear mode.

Fig. 14 illustrates the maximum output voltage of the
DCMVPWM in linear and overmodulation operation. The
maximum peak value of the output phase voltage in linear
mode, V,ineqr) becomes the radius of the circle inscribed in
the hexagon, which is the same magnitude as in the
traditional carrier-based sinusoidal PWM.

1
Vp(Linear) = 5 Ve (20)

In the overmodulation operation, the magnitude of the
fundamental component of the output phase voltage can be
extended to its maximum, V,,overmoa)-

. 3

p(Overmod) = 7 Vie 2n

Comparing to SVPWM, the magnitudes ¥, caneay and

V povermoy are 86.6% and 95.5% of SVPWM respectively.

p

4.3 The switching frequency

In DCMVPWM, the switching states of two phases are
changed at the same time as seen in Fig. 7. This implies
that the switching frequency of DCMVPWM is higher than
that of SVPWM.

The total number of commutations per a switching
period in the three-level inverter is counted to eight. If £; is
the carrier frequency, the total number of commutations per
a second becomes 8&f,. Because the three-level inverter has
12 IGBTs, the effective averaged switching frequency f;,,
per each IGBT switch becomes

82 0sm <) (22)

-fsw,DCMVPWM - 12

Fig. 15 shows the waveform comparisons during the
sector 1 (0°~60°) for the DCMVPWM, the SCMVPWM
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Fig. 15. Reference and carrier signals, output phase voltages, the CM voltages and the space vector numbers selected
during sector I (0°~60°); (a) DCMVPWM, (b) SCMVPWM, (¢) SVPWM

and the conventional SVPWM schemes. In Fig. 15, N, is
the space vector number selected during sector 1.

It can be seen from Fig. 15 that N, =0, 7, 8, 12 in the
DCMVPWM and SCMVPWM and thus the CM voltages
are constant for both DCMVPWM and SCMVPWM. In
case of SVPWM, the CM voltage fluctuates between
(1/6)V,. and (5/6)V,, since N,=0, 1, 2, 7, 13, 14. Therefore,
the amount of leakage currents in DCMVPWM and
SCMVPWM will be much less than that of SVPWM.

In the case of SVPWM, the total number of com-
mutations per a second is 6f. and thus the effective
switching frequency will be

6 1
Fonsvom =L — .

12

(23)

For the SCMVPWM, the total number of commutations
per a second is 12f. and thus the effective switching
frequency becomes

%:fc O<m <1)

fsw,SCMVPWM = 12

24)

Regarding the effective switching frequency per a IGBT
with the same carrier frequency, the SVPWM has the
lowest switching frequency but it cannot produce the
constant CM voltage whereas the SCMVPWM can
produce the constant CM voltage but it has the highest
switching frequency. On the contrary, the switch frequency
of the DCMVPWM is higher than that of SVPWM by 33%
but it can produce the constant CM voltage. Compared to

SCMVPWM, the DCMVPWM has 33% lower switching
frequency than SCMVPWM with the same effect on the
CM voltage.

Notice that in Fig. 15, the output phase voltages, v,, and
vco in DCMVPWM and SVPWM are exactly same while
only the output phase voltage, vz is different. During
sector I, B-phase becomes mid-phase and thus the gating
signals are modified by (11) and (12) whereas the gating
signals for the max- and mid-phase are determined as in
SVPWM.

In overmodulation operation, the effective switching
frequency per IGBT will be decreased because of switching
drops. Assuming that the carrier frequency is enough high,
the interval g, (see Fig. 10) is approximately expressed by

ﬂ—ZSin-l[ij (1<m; <2)
6, = i

(m; 22)

(25)

where the maximum value of 6, , 6, . =120°.

Therefore, using (22) and (25), the averaged switching
frequency, fo,overmoay» 0 Overmodulation region can be
approximately obtained.

fe Esin—1 (Lj—l (1<m; <2)
fsw,(Overmod) = T m; 3
Jo (m;22)

(26)

where f, is the inverter output voltage frequency.
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5. Simulation Results

To wverify the feasibility and effectiveness of the
DCMVPWM method, simulation and experiment are
carried out with parameters listed in Table 2. In [2], it is
mentioned that the stray capacitance C, of PV cells has
typical value of 100-200 pF whereas C, may is increased to
9 nF for the wet panels. In this paper, C, value of 10 nF is
chosen considering worst case. Also, R, of 1.3 Q is chosen
based on the resistance of earth wires. Because the leakage
currents are not affected by the balanced three-phase utility
voltages (Vi Vg, Vi) as described in Eq. (1), the three-
phase system without the utility AC sources is considered
in the simulation and experimental setup.

5.1 The linear modulation operation

Fig. 16 shows the simulation waveforms such as the 4-
phase output voltage, the line-to-line output voltage, the 4-
phase line current and the leakage current in the case of
amplitude modulation index m,=0.9. As seen in Fig. 16, the
DCMVPWM is operated well to generate sinusoidal line
current. The leakage current is measured at the ground to
N-point path through R, and C,. The rms value of the
leakage current is estimated to be about 50 mA.

According to the international standard IEC 602109-2,
the maximum leakage current allowed is 60 mA/kW. Also,
the German standard DIN VDE 0126-1-1 states that the
leakage mean level of 30 mA should be disconnected with
0.3 sec [2]. The leakage current in this simulation is more or

Table 2. System parameters

Parameters Value
DC-link voltage, V. 200V
Stray capacitance, C, 10 nF
Ground resistance, R, 1.3 Q
Linked reactor, L 1.5 mH
Load resistance, 7 77 Q
Carrier frequency, f. 7.5 kHz
Dead time, ¢, 271us
Inverter frequency, f, 60 Hz
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Fig. 16. The simulation waveforms when m;=0.9; the 4-
phase output voltage, v,0, the A-phase to B-phase
line-to-line voltage, v,p, the A-phase line current i,
and the leakage current 7jcqtqge

400 | J Electr Eng Technol.2016; 11(2): 393-404

less the standard level. If the stray capacitance is reduced,
the leakage current will be within the fully safe level.

It is true that the DCMVPWM can perfectly eliminate
the leakage current owing to the constant the CM voltage.
However the practical three-level inverter has the dead
time for safe switching operation. During very short dead
time, the CM voltage of the inverter can be deviated from
its constant value. That is, because of the inevitable dead
time, the leakage current cannot be completely eliminated.

Fig. 17 shows the CM voltage and the leakage current
where one can see that the CM voltage is not perfectly
constant but changed with pulse train pattern. The height of
the pulse is about 33 V.

Fig. 18 shows the A-phase output voltage and the A-
phase current for DCMVPWM and SCMVPWM cases.
In Fig. 18, the moving average voltages V4o are shown
superposed on the corresponding v,, waveforms. It can be
seen that the amplitude of the V4o in case of DCMVPWM
is about 88 V whereas the amplitude of the V4o in
SCMVPWM is at most about 74 V. Because m;=0.9, the
theoretical amplitude value of V4o will be 90 V. Therefore
the voltage losses in the DCMVPWM and SCMVPWM
are 2V and 16 V, respectively. Such voltage loss is due to
the dead time. As a result, the phase current in case of
SCMVPWM is smaller than DCMVPWM case due to the
severe voltage loss. Comparing DCMVPWM with
SCMVPWM, the switching frequency of SCMVPWM is
much higher and thus the amount of the dead time is
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Fig. 17. The simulation waveforms when m;=0.9 ; the
common mode voltage, vcy and the leakage
current izegrage

100

WWW fAIE ]

10 Y~ (DCMVPWM)

(SCMVPWM)

»10

i

(ki >

TR

SCMVPWM

B

voltage [V]
=

voltage [V]

current [A]

w""’

Mm._..w\»\"’ “““

Time (10 ms/div )
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much larger in SCMVPWM. This leads to the more
voltage losses in SCMVPWM than DCMVPWM.

Fig. 19 shows the leakage currents in the case of
DCMVPWM. SCMVPWM and SVPWM, respectively. It
can be seen in Fig. 19 that SCMVPWM and DCMVPWM
has lower leakage current level than that of SVPWM. The
leakage current of DCMVPWM is slightly higher than
that of SCMVPWM but such difference may be negligible
because many minor factors are actually omitted and the
model used in simulation is idealized for simulation
convenience.

It is concluded that DCMVPWM is better than
SCMVPWM because the leakage current is almost same
but the voltage loss is much smaller.

5.2 The Overmodulation operation

In the case that the amplitude modulation index m; is

greater than unity, the overmodulation occurs as seen in Fig.

20.

One can notice from Fig. 20 that there exist some time
duration during which any switching operation does not
occur like “halt time”. The higher modulation index is, the
longer such a halt time is. It is observed from Fig. 20 that
the CM voltage has intermittent pulse train with halt time.

. DCMVPWM
0
02 .
" SCMVPWM
0 "
02
SVPWM

current [A]

current [A]

current [A]

Time ( 10 ms/div )

Fig. 19. The simulation waveforms when m=0.9 ; the
leakage current 7jeqtqg. in the case of DCMVPWM,
SCMVPWM and SVPWM
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Fig. 20. The overmodulation simulation waveforms in the
case of m;=1.2 ; the A-phase output voltage, v,o,
the A- to B-phase line-to-line voltage, v 3, the
common mode voltage, vcy and the leakage
current ijeqkqgee

Therefore, the leakage current has intermittent pattern
synchronized with the CM voltage.

6. Experimental Results
6.1 The linear modulation operation

Fig. 21 shows the experimental waveforms with the same
conditions that are given to obtain the simulation waveforms
of Fig. 16. It is found that comparing the waveforms of Fig.
16 and Fig. 21 the proposed DCMVPWM is actually well
operated to reduce the leakage current within the sufficiently
low level.

Fig. 22 shows the experimental waveforms of the CM
voltage and the leakage current in the case of m=0.9. As in
simulation waveform of Fig. 17, it is observed that the CM
voltage has pulse train pattern and the leakage current has
sharp pulses during dead time.

In Fig. 23, the waveforms during the time slot is
expanded and shown in the right side of Fig. 23 in order to
the investigate the effect of dead time on the leakage

voltage [V]

voltage [V]

current [A]

current [A]

0
Time (5 ms/div)

Fig. 21. The experimental waveforms when m=0.9; the 4-
phase output voltage, v,0, the 4-phase to B-phase
line-to-line voltage, v, the A-phase line current i,
and the leakage current ijqrqge
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Fig. 22. The experimental waveforms when m;=0.9 ; the
common mode voltage, vcy and the leakage
current egtage
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Fig. 24. The experimental waveforms of the leakage
currents when m,=0.9 in case of (top) SVPWM and
(bottom) DCMVPWM

current. It should be noticed that as seen in the expanded
figure of Fig. 23, the leakage current has very short pulses
at every instants of switching state change. Because the
dead time is limited to several micro-seconds, the leakage
current due to the dead time effect is of high frequency
nature.

Fig. 24 shows the experimental results of the leakage
currents in case of SVPWM and DCMVPWM. Fig. 24
shows good agreement with the simulation results of Fig.
19. By using DCMVPWM, the leakage current is
significantly reduced.

6.2 The overmodulation operation

Fig. 25 shows the experimental waveforms in the case of
overmodulation of m;=1.2. It is found that comparing the
simulation and experimental waveforms of Fig. 20 and Fig.
25 the DCMVPWM is well operated to eliminate the
leakage current even in overmodulation operation

The leakage current has some time intervals during
which the leakage current is perfectly zero without any
pulse train. This is because the CM voltage is constant
during such halt time.

Fig. 26 shows the experimental waveforms when m;=2.2,
i.e., full maximized overmodulation. In the full over-
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modulation, the phase voltage becomes quasi-square
waveform. Also the line to line voltage changes its voltage
level every 60° intervals. Thus the leakage current shows
the short pulse every 60° intervals. From Fig. 25 and Fig. 26,
it is found that even in overmodulation, the DCMVPWM
can eliminate the leakage current at sufficiently low level.
If the dead time is shorten, the leakage current will be more
decreased.

7. Conclusion

In this paper, the DCMVPWM for three-phase three-
level inverter is investigated. The basic analytic equations
such as the voltage gain and the switching frequency in
overall operating ranges including overmodulation are
discussed. Also, DCMVPWM is compared to SCMVPWM
in order to find the advantages of the DCMVPWM. The
switching frequency of DCMVPWM is much lower,
about 33 % lower, than that of SCMVPWM while the
DCMVPWM and SCMVPWM have the same constant
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common mode voltage. Because the lower switching
frequency means the smaller amount of the dead time, the
DCMVPWM has the smaller output voltage losses than
SCMVPWM. Finally, the leakage current reduction with
minimized switching frequency in DCMVPWM is confirmed
by carrying out simulation and the experiment. Because the
dead time is inevitable, the leakage current cannot be
completely eliminated even though the constant common
mode voltage algorithm is employed

Acknowledgements

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea(NRF) funded by the Ministry of Education, Korea
(No. NRF-2013R1A1A4A01012606)

References

[1] Ziya Ozukan and Ahmet M. Hava, “Classification of
Grid Connected Transformerless PV Inverters with a
Focus on the Leakage Current Characteristics and
Extension of Topology Families,” Journal of Power
Electronics, Vol. 15, No. 1, pp. 256-267, Jan. 2015.

[2] T. Kerekes, R. Teodorescu and U. Borup, “Transfor-
merless Photovoltaic Inverters connected to the Grid”,
Conf. Record on APEC 2007, pp. 1733-1737, Anaheim,
USA, Feb. 25-Mar. 1, 2007.

[3] H-. J. Kim, H-. D. Lee, S-. K. Sul, “A new PWM
strategy for common-mode voltage reduction in
neutral-point-clamped inverter-fed AC motor drives,”
IEEE Trans. on Industry Applications, vol. 37, no. 6,
pp-1840-1845, Nov/Dec 2001.

[4] A. Videt, P. Le Moigne, N. Idir, P. Baudesson and J.
Ecrabey, “A new carrier-based PWM for the reduction
of common mode currents applied to neutral-point-
clamped inverters”, Conf. Record on APEC 2007, pp.
1224-1230, Anaheim, USA, Feb. 25-Mar. 1, 2007.

[5] M. C. Cavalcanti, K. C. Oliveira, A. M. Farias, F. A.
S. Neves, Gustavo M. S. Azevedo and F. C. Camboim,
“Modulation Techniques to Eliminate Leakage Cur-
rents in Transformerless Three-Phase Photovoltaic
Systems,” IEEE Trans. on Industrial Electronics, vol.
57, no. 4, pp. 1360-1368, Apr. 2010.

[6] K. Zhou and D. Wang, “Relationship between space-
vector modulation and three-phase carrier-based
PWM: A comprehensive analysis,” IEEE Trans. on
Ind. Electron., vol. 49, no. 1, pp. 186-196, Jan 2002.

[71 M. C. Cavalcanti, A. M. Farias, K. C. Oliveira, F. A.
S. Neves and J. L. Afonso, “Eliminating Leakage
Currents in Neutral Point Clamped Inverters for
Photovoltaic Systems,” IEEE Trans. on Industrial
Electronics, vol. 59, no. 1, pp.435-442, Jan. 2012.

[8] J-. S. Lee and K-. B. Lee, “New Modulation Tech-

niques for a Leakage Current Reduction and a
Neutral-Point Voltage Balance in Transformerless
Photovoltaic Systems Using a Three-Level Inverter,”
IEEE Trans. on Power Electronics, vol. 29, no. 4,
pp-1720-1732, April 2014.

[91 X. Guo, M. C. Cavalcanti, A. M. Farias and J. M.
Guerrero, “Single-Carrier Modulation for Neutral-
Point-Clamped Inverters in Three-Phase Transformer-
less Photovoltaic Systems,” IEEE Trans. on Power
Electronics, vol. 28, no. 6, pp.2635-2637, June 2013.

[10] Nam-Sup Choi, Eun-Chul Lee and Kang-Soon Ahn,
“A Carrier-Based Medium Vector PWM Strategy for
Three-level Inverters in Transformerless Photovoltaic
Systems”, Conf. Record on ICPE2015-ECCE Asia,
July 1, 2015.

Kang-soon Ahn received his B.S and
M.S. degree in electronics engineering
from Hanyang University, Ansan, Korea,
in 1996 and 1998. He is currently
e pursuing the Ph.D. degree in electrical

I v . engineering with Hanyang University,
é{z} Ansan, Korea. He is currently working

o at Willings. Co. LTD. His current

research interests include multilevel inverter for PV, ESS
and IH inverter.

Nam-Sup Choi received his B.S.
degree in Electrical Engineering from
Korea University in 1987. He received
his M.S. and Ph.D. degrees in Electrical
Engineering from the Korea Advanced
Institute of Science and Technology
(KAIST), Taejeon, Korea in 1989 and
1994, respectively. He is currently a
professor in the Division of Electrical, Electronic Com-
munication and Computer Engineering, Chonnam National
University, Yeosu, Korea. His research interests include the
modeling and analysis of power conversion systems,
matrix converters and multilevel converters for renewable
energy systems and micro-grid applications.

Eun-Chul Lee received his B.S and
M.S. degree in electronic and communi-
cation engineering from the Kunsan
National University, Kunsan, Korea,
in 2004 and 2006. He is currently
pursuing the Ph.D. degree in electrical
engineering with Hanyang University,
Ansan, Korea. He is currently working
at Willings. Co. LTD. His current research interests include
multilevel inverter for PV and ESS.

http://www.jeet.orkr | 403



A Study on a Carrier Based PWM having Constant Common Mode Voltage and Minimized Switching Frequency in Three-level Inverter

Hee-Jun Kim received the B.S and
M.S. degree in electronics engineering
from Hanyang University, Seoul, Korea,
in 1976 and 1978, respectively, and the
Ph.D. degree from Kyushu University,
Fukuoka, Japan, in 1986, all in electro-
nics engineering. Since 1987, he has
been a professor with Hanyang Univer-
sity, Ansan, Korea. His current research interests include
switching power converters, soft-switching techniques and
analog signal processing. Prof. Kim is a senior member of
IEEE.

404 | J Electr Eng Technol.2016; 11(2): 393-404




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


