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ABSTRACT Research into solar photovoltaic (PV) fed grid-tied multilevel inverters (MLIs) has increased
in recent years due to their distinct features compared to two-level voltage source inverters (VSIs). However,
maintaining the power quality of MLIs is a challenging problem that encompasses the reduction of total
harmonic distortion (THD), dc-link voltage imbalance issues, power loss reduction and thermal stress
mitigation; which are significantly affected by the applied pulse width modulation (PWM) technique.
In order to tackle the above mentioned power quality problems, this work presents a modified hybrid PWM
technique which combines a modified modulating signal with a modified carrier signal. The comparison
between the proposed and the existing PWM techniques is performed under different conditions and using a
wide range of modulation index variations. A grid-tied three-phase three-level T-type neutral point clamped
(NPC) inverter is adopted for the power quality assessment. The proposed hybrid PWM offers 25.57%
output line voltage THD and 11.8 V peak-to-peak dc-link capacitor voltage difference which are lower
than existing PWM techniques. Additionally, by reducing the switching and conduction losses of the power
switches, the proposed hybrid PWM technique offers lower thermal stress than existing PWM techniques.
The comparative analysis between the existing and the proposed hybrid PWM technique is carried out using
MATLAB/Simulink and PLECS simulation environments. The proposed hybrid PWM technique is further
validated using a reduced scale prototype developed in our research laboratory.

INDEX TERMS Multilevel inverters, voltage source inverters, total harmonic distortion, dc-link voltage
imbalance, pulse width modulation, T-type neutral point clamped inverter.

I. INTRODUCTION
Multilevel inverters (MLIs) are widely adopted in medium
to high voltage applications as well as renewable solar pho-
tovoltaic (PV) systems due to several advantages over two
level voltage source inverters (VSIs). This includes lower
harmonic distortions, lower filter size, lower electromag-
netic interference (EMI), high output waveform quality etc.

The associate editor coordinating the review of this manuscript and

approving it for publication was Ahmed Aboushady .

[1], [2]. Cascaded H-bridge inverter (CHB), flying capaci-
tor inverter (FC), and neutral point clamped inverter (NPC)
are the three major topologies for the MLIs [3], [4], [5].
Among the topologies, NPC inverters have some appealing
features over other topologies thus making them a smart
choice for grid-tied solar PV applications. These features
include higher efficiency, voltage handling capability, flex-
ibility and better output voltage and current quality. T-type
NPC inverters, however, which is a partial variant of the
NPC inverter topology, can achieve greater efficiency than
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the NPC inverters in certain circumstances [6]. Though NPC
inverters are well stablished and provide attractive power
quality, there still remains some challenging issues and room
for improvement. The major challenges are the total har-
monic distortion, neutral point voltage imbalance, power loss,
thermal stress etc. These challenges are greatly reliant on
the applied PWM techniques. Hence, applying an appropri-
ate and well controlled PWM technique has the potential
to improve the inverter’s harmonic distortion, voltage bal-
ancing performance, power loss and thermal stress. Various
improved PWM techniques and control algorithms have been
proposed in the literature to mitigate these problems [7], [8],
[9], [10], [11], [12], [13], [14], [15], [16].
In [7], a sinusoidal pulse width modulation technique

(SPWM) is applied to the nested T-type NPC inverter in
order to balance the dc-link capacitor voltage. The SPWM
technique is regarded as the easiest technique for the mul-
tilevel inverters due to its simplicity. A major drawback of
this technique, however, is its high THD and poor power
loss and the dc-link voltage balancing performance. A space
vector pulse width modulation (SVPWM) is employed for
NPC inverter and compared with SPWM in [8]. The obtained
results showed that the SVPWM technique performs better
than the SPWM technique in terms of THD. In [9], a detailed
comparative analysis is conducted between the performance
of a five-level diode clamped inverter, a sinusoidal PWM and
a third harmonic injected PWM (THPWM). The performance
of various types of medium voltage power converter topolo-
gies and their control techniques in increasing the efficiency
for the grid integration of solar PV power plants is assessed
in [10]. Comparative performance analysis between differ-
ent PWM techniques such as SPWM, CSVPWM, THPWM,
trapezoidal PWM (TRPWM), sixty-degree PWM (SDPWM)
is examined in the literature. SDPWM based on the discon-
tinuous modulating signal is known as bus clamping PWM.
Among the BCPWM techniques, sixty-degree BCPWM and
thirty-degree BCPWM are the most common and well suited
PWM techniques for reducing switching loss. The third har-
monic injected SDBCPWM and TDBCPWM techniques are
considered in [11] for medium voltage grid-tied converters.
They were shown to significantly reduce the switching losses
and improve the output quality of the converter. By utilizing
NPC inverter-based solar PV systems, a modified modulating
signal-based PWM scheme is presented in [12], to improve
the power quality of motor drive applications. It was also
shown to mitigate the THD, switching losses, conduction
losses and torque ripple by generating symmetrical and bal-
anced gate pulses. In [13], a new current controller PWM
scheme is proposed with a neutral point balancing technique
in which a three level NPC inverter is utilized as a dual
purpose of active shunt filtering and solar PV integration to
distributed grid. To balance the dc-link capacitor voltages,
a new step-up switch capacitor-based converter is introduced
in a grid-tied seven level NPC inverter [14]. The additional
converter needs separate control mechanism, thus making the

system complex and bulky. In [15], a hybrid PWM strategy is
proposed by combining space vector PWM and nearest level
modulation for a five-level NPC inverter. The hybrid PWM
offers lower THD at fundamental frequency and balances
the unbalanced dc-link voltages. Using a multicarrier phase
disposition PWM technique, a novel single-phase grid-tied
five-level NPC converter is proposed in [16]. The proposed
converter is shown to improve the grid current’s power quality
while simultaneously balancing the dc-link split capacitors.
A major drawback of this topology, however, is the use of
more power switches compared to conventional topologies.

In some literatures, PWM techniques are proposed to
offer some specific improvements regarding a desired con-
cern [17], [18]. However, none of them is able to simulta-
neously mitigate all the concerns. In [17], a carrier based
discontinuous PWM technique is suggested utilizing a three
level T-type converter for neutral point potential balancing.
However, the THD and power loss of the inverter are not
considered. In [18], a new PWM strategy is introduced to
reduce the common mode voltage of the three phase three-
level T-type NPC inverters by about 50%, thus alleviating
the higher voltage stress and leakage current of the inverters.
However, the total harmonic distortion of the output volt-
age is significantly higher than that of other existing PWM
techniques.

In order to improve the power quality of multilevel con-
verters, carrier-based PWM techniques such as multi carrier
PWM, phase shifted PWM, and level shifted PWM are
gaining popularity [19], [20]. Phase shifted PWM can be
classified into other variants, such as phase disposition PWM,
phase opposite disposition PWM, alternative phase opposite
disposition PWM. Applying these PWM techniques in the
multilevel converters, has some specific advantages and dis-
advantages based on the applications. A comparative analysis
has been carried out with these PWM techniques for the NPC
inverters in [21] and [22]. Combination of modulation tech-
niques is known as hybrid PWM technique which is capable
of combining their advantages together. A hybrid modulation
technique is presented in [23] to balance the dc-link voltages
and mitigate the lower order harmonics for NPC inverters
by combining selective harmonic elimination and selective
harmonic mitigation. The main obstacle in this technique
is the complex nonlinear equations that is needed to be
solved by different solving techniques. In [24], a hybrid PWM
scheme is investigated for grid-tied T-type NPC inverter that
is the combination of space vector PWM and selective har-
monic elimination PWM. Through this technique, a smooth
and quick transition is achieved which is desirable for the
grid-tied inverter applications. However, neutral point voltage
balancing arrangement is missing.

To alleviate the aforementioned limitations of the mul-
tilevel inverters, a well-balanced hybrid PWM technique
consisting of a modified modulating signal and a carrier
signal is proposed in this paper. The main attributes of the
proposed hybrid PWM technique are as follows:
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• It reduces the total harmonic distortion of the output line
voltage the inverter;

• Improves the dc-link capacitor voltage balancing perfor-
mance by reducing the peek-to-peek voltage difference;

• Reduces the switching and conduction losses of the
power switches;

• Minimizes the total power loss thus resulting in lower
junction temperature and reduced thermal stress;

It is worth noting that though various PWM techniques
and control algorithms are proposed in different literatures,
they all increase system complexity and require additional
circuitry for hardware implementation. In contrast, modify-
ing the modulating and carrier signals is a relatively easy
approach to mitigate the crucial power quality concerns.
Moreover, no additional circuitry is needed to implement it
on the hardware and the behavior of the modified signals is
well understood and predictable.

II. ADOPTED INVERTER TOPOLOGY
A grid tied three phase 3-L T-type neutral point clamped
inverter is depicted in Fig. 1.

FIGURE 1. Solar PV fed grid-tied three-phase three-level T-type NPC
inverter topology.

The inverter is fed by a solar PV and two dc-link capacitors
(C1, C2) are used at the input side. The inverter consists a
total of twelve power switches, namely (S11, S12, S13, S14, S21,
S22, S23, S24, S31, S32, S33, S34). For each phase, four power
switches are necessary. Switch pairs (S11, S13) and (S12, S14)
are known as each other’s counterparts, thereby it’s strictly
prohibited to turn them on at the same time to avoid inverter
failure. A RL line filter is used to connect the output side
of the inverter to the grid and mitigate the harmonics of the
current and line voltage.

III. CLOSED-LOOP CONTROL STRATEGY
Fig. 2 depicts a standard grid connected dq reference frame-
based closed-loop control strategy for the adopted inverter
topology, which is able to supply both active and reac-
tive power to the grid. The three-phase AC current and
voltage signals are converted into D (direct) and Q (quadra-
ture) components which represent active and reactive power,

respectively and are aligned with the grid voltage reference
frame. The phase locked loop (PLL) determines α and β

values with phase angle of the voltage and current by sensing
the grid voltage (Vg) and grid current (ig), respectively. The
measured direct and quadrature axis components of the grid
current are represented by id and iq, respectively that can be
used to control the active and reactive power individually.
Then, id and iq are compared with the reference quantity i∗d
and i∗q , respectively and the measured errors are fed to the PI
controller. At the output, two reference signals (Md and Mq)
are obtained in dq frame which are converted to the abc frame
to produce the three phase reference signals. These reference
signals are then further modified to produce the proposed
modulating signal of the hybrid PWM technique.

The generation procedure of the proposed modulating sig-
nal is described in section V. The proposed modulating signal
and carrier signal are then compared in order to produce the
twelve gate pulses which are needed for the adopted three
phase three level T-type NPC inverter.

FIGURE 2. Closed-loop control strategy for the adopted inverter topology.

IV. GENERATION OF THE EXISTING PWM TECHNIQUES
All the existing PWM techniques, which can be applied to
the MLIs, have some merits and demerits based on their
applications. The most widely used PWM techniques applied
to the MLIs are SPWM [7], CSVPWM [8], THPWM [9],
SDPWM [10]. SPWM is the most common and simple PWM
technique for MLIs. CSVPWM and THPWM are highly
regarded for mitigating lower order harmonics and improving
the power quality. On the contrary, the SDPWM technique is
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well capable of reducing the switching loss compared to other
PWM techniques.

FIGURE 3. The modulating signals of (a) SPWM, (b) CSVPWM, (c) THPWM,
(d) SDPWM and (e) the proposed hybrid PWM technique.

Table 1 depicts the mathematical representation of some
well-known existing PWM techniques. Though these tech-
niques offer balanced performance in terms of power quality,
performance improvement is further possible by modifying
the PWM technique. This means modifying the modulating
signal along with the carrier signal. The modulating signals
of existing SPWM, CSVPWM, THPWM, SDPWM tech-
niques and the proposed modified hybrid PWM technique are
sketched in Fig. 3.

V. DEVELOPMENT OF THE PROPOSED HYBRID PWM
TECHNIQUE
The modified modulating signal and the carrier signal are the
heart of the proposed hybrid PWM technique. This section
provides a brief description of the steps involved in devel-
oping the proposed modified carrier signal and modulating
signal, as well as the gate pulses required for the power
switches.

A. GENERATING THE MODULATING SIGNAL
The proposed modified modulating signal is generated by
combining three sinusoidal signals with different amplitude
and a triangular signal. The generation procedure of the pro-
posed modified modulating signal,Mp is illustrated in Fig. 4.

At first, a sinusoidal signal (P) is taken with three times
larger frequency than the fundamental such that:

P = A sin (3ω t) (1)

where, A and ω are the amplitude and angular frequency
the signal, respectively. By using the sinusoidal signal (P),

TABLE 1. Mathematical representation of different PWM techniques.

FIGURE 4. The generation procedure of the modulating signal of the
proposed hybrid PWM technique.

a triangular signal (P1) is generated that is expressed as:

P1 = 2πa sin−1
{A sin(3ωt)} (2)
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where, a is the amplitude constant. Then, another version of
the signal (P) is generated as follows:

P2 =
A
2π

sin(3ωt) (3)

After that, a three-phase sinusoidal signal (Q) is taken such
that:

Q =
10A
3π

sin(ωt + θ ) (4)

⌊Q1 Q2 Q3⌋ = ⌊Q
θ=0◦ Qθ=−120◦ Qθ=120◦ ⌋ (5)

where, θ defines the phase difference of the signal, Q. Then,
another sinusoidal signal (R) with nine times larger frequency
than the fundamental is generated such that:

R =
A
6π

sin(9ωt) (6)

At last, the proposed modified modulating signal (MP) is
developed by adding the previously constructed signals P1,
P2, Q and R as follows:

Mp = P1 + P2 + Q+ R (7)

⌊Mp1 Mp2 Mp3⌋ = ⌊Mpθ=0◦ Mpθ=−120◦ Mpθ=120◦ ⌋ (8)

FIGURE 5. The generation procedure of the carrier signal of the proposed
hybrid PWM technique.

B. GENERATING THE CARRIER SIGNAL
The proposed modified carrier signal is developed by using a
sinusoidal signal by applying some changes in it. The devel-
opment procedure of the proposed carrier signal is illustrated

in Fig 5. To generate the proposed carrier signal, first a
sinusoidal signal (B) is considered as follows:

B = A sin(2π fct) (9)

where, A and fc represents the amplitude and the carrier
frequency of the signal, respectively. Then, two intermediate
signals (B1) and (B2) are constructed using the sinusoidal
signal (B), as follows:

B1 = A sin(2π fct + 90◦) (10)

B2 = A sin(2π fct − 90◦) (11)

Now, according to the phase angle of the signal (B), four pulse
signals J1, J2, J3 and J4 as follows:

B =


J1;
J2;
J3;
J4;

if 00 ≤ θ < 900

if 900 ≤ θ < 1800

if 1800 ≤ θ < 2700

if 2700 ≤ θ < 3600

 (12)

where, θ is the phase angle of signal (B). Now, four intermedi-
ate level shifted signals (K, L, M, N) are generated as follows:

K = B1 − A (13)

L = B1 + A (14)

M = B2 − A (15)

N = B2 + A (16)

Then, the newly generated level shifted signals (K, L, M, N)
are multiplied by the previously generated pulse signals (J1,
J3, J2, J4) to build the signals (K1, L1, M1, N1), respectively.

K1 = KJ1 (17)

L1 = LJ3 (18)

M1 = MJ2 (19)

N1 = NJ4 (20)

Finally, the discrete signals (K1, L1, M1, N1) are added
together to develop the proposed carrier signal, Cp of the
hybrid PWM technique.

Cp = K1 + L1 +M1 + N1 (21)

C. GENERATING THE GATE PULSES
The modulating signal of Fig. 4 and the carrier signal of
Fig. 5 together form the proposed hybrid PWM technique.
The block diagram representation of the generation process
of the gate pulses under the proposed modified hybrid PWM
technique is depicted in Fig. 6. To generate the gate pulses for
the IGBTs, the proposed modulating signal is compared with
the proposed carrier signal. For generating three level output
for each phase, two carrier signals (Carrier1 and Carrier2)
are needed for S11, S12, S13 and S14, respectively.
The gate pulse generation for IGBTs (S11, S12, S13, S14) is

depicted in Fig. 7 for 0.8 kHz carrier signal. When amplitude
of Carrier1 is lower thanMp1, the IGBT S11 is turned on. Oth-
erwise, the IGBT S11 is turned off. Similarly, when amplitude
of Carrier2 is lower than Mp1, the IGBT S12 is turned on.
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TABLE 2. Switching states of the IGBTs for a single phase.

The IGBTs S13 and S14 are the counterpart of S11 and S12,
respectively. That means, S13 and S14 must be turned off when
S11 and S12 are turned on. The switching states of the IGBTs
for a single phase is given in Table 2. The states P, O and N
represent positive, neutral and negative state, respectively.

FIGURE 6. The gate pulse generation process for the adopted topology.

D. MOTIVATION AND PROCESS OF FINDING OF THE
PROPOSED HYBRID PWM TECHNIQUE
The main motivation of the proposed modified PWM tech-
nique comes from the shortcomings of existing PWM
techniques which suffer from high THD, power loss leading
to thermal stress and capacitor voltage balancing problems.
The mitigation of THD, power loss and capacitor voltage
balancing issue depend on the gate pulses used for switching
the power semiconductor switches. The gate pulses obtained
from the proposed modified PWM technique is symmet-
ric and balanced compared to the gate pulses of existing
PWM techniques which ensure lower THD, power loss and
balanced capacitor voltages. These gating signals are only
obtained if we use the proposed modified carrier and mod-
ulating signal together. The proposed hybrid PWM technique
is developed using a process consisting of some methodical
procedures during the generation of the gating signals for the
NPC inverter.

The gate pulse generation procedure is the major part
of the PWM technique, which significantly controls all the
performance parameters such as THD, power losses, heat
distribution and capacitor voltage balancing issue. Opti-
mized and well-balanced gate pulses contribute to the overall
improved performance of the MLIs. Hence, to generate the
improved modified modulating and the carrier signals, at first
the pulse sequences under the traditional PWM technique

FIGURE 7. Gate pulse generation for a single phase under the proposed
hybrid PWM technique.

are analyzed. The investigated gate pulse sequences for six
IGBTs (S11, S12, S21, S22, S31 and S32) and the charging
behavior of the dc-link capacitors under the SPWM technique
is depicted in Table 3. Here, SPWM technique is utilized,
as it is the simplest modulation strategy among the traditional
techniques. In this case, low frequency carrier signal (about
50 Hz) is used so that the switching states of the IGBTs can
be easily observed. SX1 and SX2 are the counter part of SX3
and SX4, respectively. Hence, analyzing only two IGBTs from
each leg of the inverter is sufficient. As a result, there are
six IGBTs and 720 probable switching sequences that are
needed to be analyzed. However, in this case, some common
and repetitive switching sequences are investigated. From the
switching sequences, it can be found that some sequences
such as 1, 3, 5, 7, 10 and 13 are responsible for keeping
the capacitor voltages constant. Repeating these sequences
can be suitable for mitigating the dc-link capacitor voltage
fluctuation issue.

After analyzing the pulse sequences, the proposed car-
rier signal is developed according to the process depicted
in Fig. 5. The shape of the proposed carrier signal helps
with supportive switch turn on and turn off sequence. Next
step is to develop the proposed modulating signal which is
depicted in Fig. 4. In this case, the generation idea is taken
from the previous literatures where themodulating signals are
constructed by adding some odd harmonic signals reflected
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TABLE 3. Investigation of the behavior of the capacitor voltages under different switching sequences.

FIGURE 8. Response of the dc-link capacitor voltages for different switching sequences under (a) SPWM and (b) the proposed hybrid PWM technique.

in the development process of THPWM and SDPWM tech-
niques. The amplitude constant of the harmonic signals of the
proposed PWM technique is highly sensitive, as it directly
affects the gate pulse pattern of the IGBTs. As different
odd harmonic signals with different frequencies are added,
there are chances that the amplitude may exceed the defined
value A. The main consideration in this case is the amplitude
of the modulating signal which is adjusted as follows for
ensuring intermediate flatted top signal that can generate
balanced and symmetric gating signals:

Amp. of MP ≤ Amp. of P1 + Amp. of P2 + Amp. of Q

+ Amp. of R (22)

where MP is the proposed modulating signal and P1, P2,
Q, R are the intermediate signals, respectively as previously
described.

At 0◦, 180◦ and 360◦ phase angle the amplitude of MP is
surely less than A whereas at 90◦ and 270◦ phase angle, the

amplitude ofMP is expressed as:

Amp. of MP

= ±

{
A

(
10
3π

− 2π a−
1
2π

+
1
6π

)}
= ±

{
A

(
10
3π

− 0.02π −
1
2π

+
1
6π

)}
[a = 0.01]

= ±0.892A

The amplitude ofMP is less than A. The amplitude constants
are taken in a way that the maximum amplitude of MP is
achieved between 0◦ to 90◦ phase angle which is exactly
match the defined amplitude A.
The response of the dc-link capacitor voltages for different

switching sequences under SPWM and the proposed hybrid
PWM technique is depicted in Fig. 8(a) and 8(b), respectively.
Under the SPWM technique the constant voltage sequences
are repeated after two or more than two sequences which
gives more time to charge or discharge the capacitors, result-
ing high dc-link voltage fluctuation. Hence, if the constant
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sequences can be repeated after every charge or discharge
sequence, it will minimize the difference between the capaci-
tor voltages. In order to maintain this, the modulating signals
are adjusted so that the constant sequences can be repeated
after every charge or discharge sequence. This process is
demonstrated in Fig. 8(b), where the sequences are identified
according the investigated sequences from Table 3. Form the
Fig. 8(b), it can be seen that the constant voltage sequences
are repeated after a signal charge or discharge sequence.
In some cases, there are two sequences where they are dif-
ferent. That means, one sequence charges the capacitor and
other discharge the capacitor. As a result of it, the capacitor
voltages cross each other and the voltage difference is more
minimized. There are other unmatched sequences such as,
between (7th −10th) and (13th −7th) which can be ignored,
because it can be easily seen that they show opposite behavior
and cross each other.

Moreover, the proposed hybrid PWM technique offer
balanced switch turn on and turn off which mitigate the
unfiltered line voltage THD compared to the existing SPWM,
CSVPWM, THPWM and SDPWM techniques. On the other
hand, balanced switch turn on and turn off sequences also
improve the number of switching and conduction period of
the IGBTs which aid to minimize the power losses of the
inverter.

VI. PERFORMANCE ANALYSIS AND COMPARISON
The comparative performance analysis between the existing
PWM techniques and the proposed modified hybrid PWM
technique in terms of THD, capacitor voltage balancing,
power loss and thermal stress is conducted by using both
simulation and experiment results.

A. SIMULATION RESULTS
The output line voltage (unfiltered) and the harmonic spec-
trum of the output line voltage under the proposed modified
hybrid PWM technique are depicted in Fig. 9(a) and Fig. 9(b),
respectively. The obtained THD of inverter line voltage
(unfiltered) is 25.57%. The three-phase grid current and
its harmonic spectrum under the proposed hybrid PWM
are depicted in Fig. 9(c) and Fig. 9(d), respectively. The
recorded grid current THD is 1.12% which is satisfactory,
because according to the IEEE-519 standard THD must be
less than 5%.

The peak-to-peak dc-link capacitor voltage difference
under the existing SPWM, CSVPWM, THPWM, SDPWM
techniques and the proposed hybrid PWM technique are
depicted in Fig. 10(a), Fig. 10(b), Fig. 10(c), Fig. 10(d)
and Fig. 10(e), respectively. From Fig. 10, it can be seen
that the peak-to-peak capacitor voltage difference under
SPWM, CSVPWM, THPWM, SDPWM and the proposed
hybrid PWM techniques are 28.7 V, 13.6 V, 17.5 V, 20.6 V
and 11.8 V, respectively. The highest peak-to-peak capaci-
tor voltage difference is recorded under SPWM technique
whereas the lowest is recorded under the proposed hybrid
PWM technique. It is evident from Fig. 10 that the proposed

hybrid PWM technique gives 16.9 V, 1.8 V, 5.7 V and
8.8 V less peak-to-peak capacitor voltage difference than
the existing PWM techniques, respectively. So, the proposed
hybrid PWM technique is better than the existing SPWM,
CSVPWM, THPWM and SDPWM, respectively in terms of
capacitor voltage balancing performance.

The bar graph of Fig. 11(a) showed unfiltered THD
of the inverter output line voltage offered by the existing
PWM techniques and the proposed hybrid PWM technique,
respectively against modulation index variation (0.6∼1.4).
Similarly, peak-to-peak dc-link capacitor voltage difference
achieved by the existing PWM techniques and the proposed
hybrid PWM technique against modulation index variation
(0.6∼1.4) is illustrated in Fig. 11(b), respectively.

FIGURE 9. (a) Inverter output line voltage (b) THD spectrum of inverter
output line voltage (c) grid current (d) THD spectrum of the grid current
under the proposed hybrid PWM technique.

The detailed summary of the inverter output line volt-
age THD (unfiltered) and the peak-to-peak dc link voltage
difference between the existing PWM techniques and the
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FIGURE 10. Dc-link capacitor voltage difference under (a) SPWM (b) CSVPWM (c) THPWM (d) SDPWM and (e) the proposed hybrid PWM techniques.

FIGURE 11. Comparative analysis between SPWM, CSVPWM, THPWM,
SDPWM and the proposed hybrid PWM techniques against modulation
index variation in terms of (a) inverter output line voltage THD and
(b) capacitor voltage difference.

proposed hybrid PWM technique is depicted in Table 4.
The THD of the inverter output line voltage obtained by the
proposed hybrid PWM technique against modulation index

0.6, 0.8, 1, 1.2 and 1.4 are 43.42%, 34.01%, 25.57%, 21.56%
and 21.22%, respectively, which are lower than the exist-
ing SPWM, CSVPWM, THPWM and SDPWM techniques.
At modulation index 1, the proposed hybrid PWM offers
9.32%, 1.05%, 0.94% and 0.97% less inverter output line
voltage THD than the existing PWM techniques, respectively.
On the contrary, the peak-to-peak capacitor voltage difference
obtained by the proposed hybrid PWM technique against
modulation index 0.6, 0.8, 1, 1.2 and 1.4 are 7.1 V, 10.4 V,
11.8 V, 13.7 V and 13.1 V, respectively, which are lower than
the existing PWM techniques, respectively. The proposed
hybrid PWM technique gives 6.6 V, 0.2 V, 2.1 V and 3 V
less capacitor voltage difference than the existing SPWM,
CSVPWM, THPWM and SDPWM techniques, respectively,
when modulation index is 0.6. For modulation index 0.8, the
proposed hybrid PWM gives 10.1 V, 0.8 V, 3.4 V and 4.9 V
less capacitor voltage difference than the existing PWM tech-
niques, respectively. Similarly, for modulation index 1, 1.2,
1.4, the proposed hybrid PWM technique gives less capacitor
voltage difference than the existing PWM techniques, respec-
tively which is clearly noticeable from Table 4.
The power loss and thermal distribution of the proposed

hybrid PWM technique for the IGBTs of phase-1 (S11, S12,
S13, S14) are sketched in Fig. 12. The power loss and the
junction temperature of the IGBTs are calculated in PLECS
simulation software using IKW50N65F5 IGBT and diode
from Infineon Technologies. The characteristic curve from
the selected model is placed in PLECS block set to obtain
the power loss and junction temperature. From Fig. 12(a),
it can be seen that the power losses of S11, S12, S13, S14
are 42.25W, 1.94 W, 1.94 W and 42.25 W which are 48%,
2%, 2% and 48%, respectively, of the total power loss
of phase-1. Hence, for each phase the outer switches (S11
and S14) consume more power loss than the inner switches
(S12 and S13), respectively. On the contrary, the junction
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TABLE 4. THD and peak-to-peak capacitor voltage difference between different PWM techniques against modulation index variation.

FIGURE 12. (a) Power loss and (b) thermal distribution of the proposed hybrid PWM technique for IGBTs (S11, S12, S13, S14).

temperature of the IGBTs (S11, S12, S13, S14) are illustrated
in Fig. 12(b) for two operating cycles. The IGBTs of phase-1
(S11, S12, S13, S14) encounter peak temperature of 90.3◦,
55.8◦, 55.7◦ and 90.4◦, respectively. The outer switches (S11
and S14) face high junction temperature as well as thermal
stress than the inner switches (S12 and S13), respectively, that
is seen from Fig. 12(b). Switching loss (SL) and conduction
loss (CL) are considered as the major power loss of the
inverter. A detailed pictorial representation of the switching
loss (SL), conduction loss (CL) and total power loss (TL)
between SPWM, CSVPWM, THPWM, SDPWM and the
proposed hybrid PWM techniques against modulation index
variation (0.6∼1) is sketched in Fig. 13-15, respectively using
3D bar graph.

When the modulation index is near 1, inverter operates at
high power rating resulting high power loss. Total power loss
(TL) under the proposed hybrid PWM technique for modu-
lation index 0.6, 0.7, 0.8, 0.9 and 1 are 191.6 W, 223.1 W,
240.1 W, 259.4 W, 278.3 W, respectively that is lower than
the other existing SPWM,CSVPWM,THPWMand SDPWM
techniques. The proposed hybrid PWM technique shows
10.87% upgrade in terms of switching loss (SL), 2.69%
upgrade in terms of conduction loss (CL) and 3.6% upgrade

FIGURE 13. Switching loss comparison among different PWM techniques
against modulation index variation.

in terms of total loss (TL) than the SPWM technique that
can be clearly seen from Fig. 13-15, respectively. Similarly,
the proposed hybrid PWM technique shows around 2.73%
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FIGURE 14. Conduction loss comparison among different PWM
techniques against modulation index variation.

upgrade in terms of total loss (TL) than both CSVPWM
and THPWM techniques, respectively. On the contrary, the
proposed hybrid PWM exhibits 24.4% worse result in terms
of switching loss (SL), 3.33% upgrade in terms of conduction
loss (CL) and 0.57% upgrade in terms of total loss (TL)
than the SDPWM technique for modulation index 1. The
SDPWM technique is regarded as the best technique to reduce
the switching loss of the inverter [11]. So, switching loss
is greatly reduced in SDPWM technique than the proposed
hybrid PWM technique when modulation index 1. However,
with the decreasing modulation index the proposed hybrid
PWM technique shows better result in terms of switching
loss (SL). Hence, the proposed hybrid PWM technique can
surely outperform the existing SPWM, CSVPWM, THPWM
and SDPWM techniques, respectively.

The close-loop reference current responses under the pro-
posed hybrid PWM technique for both active and reactive
power is demonstrated in Fig. 16 and Fig. 17, respectively.
The voltage and current waveform for unity, lagging and lead-
ing power factor is demonstrated in Fig. 16(a), Fig. 16(b), and
Fig. 16(c), respectively. At unity power factor, only resistive
load is applied (3.25 kW, i∗d = -20 A, i∗q = 0 A) which
keeps the voltage and current in same phase. At leading power
factor, capacitive load is applied (3.25 kVAR, i∗d = 0 A,
i∗q = -20 A) where current leads the voltage by 90◦. On the
contrary, at lagging power factor, inductive load is applied
(3.25 kVAR, i∗d = 0 A, i∗q = 20 A) where voltage lead current
by 90◦. Fig. 17 demonstrates the inverter’s step responses
when applying active and reactive power under the proposed
hybrid PWM technique. Two step changes are made at 60 ms
and 120 ms, respectively. Initially, reactive power is applied
(3.25 kW, i∗d = -20 A, i∗q = 0 A) to the grid. The grid current
track the reference grid current (20 A) with no phase shift
between the grid voltage and grid current.

FIGURE 15. Total loss comparison among different PWM techniques
against modulation index variation.

FIGURE 16. Grid voltage and grid current waveform at (a) unity
(b) leading, and (c) lagging power factor.

At 60 ms, 1st step change is made by applying reactive
power (3.25 kW, 3.25 kVAR, i∗d = −20 A, i∗q = 20 A)
through inductive load to the grid. As a result, the grid current
changed to 28.26 A which is expected as both active and
reactive power is applied together. At 120ms, 2nd step change
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FIGURE 17. Step responses of the inverter under the proposed PWM
technique while applying active and reactive power (a) single phase grid
voltage and current (b) three phase grid current.

TABLE 5. Parameters used for performance analysis.

is made by applying reactive power (3.25 kW, 3.25 kVAR,
i∗d = −20 A, i∗q = −20 A) through capacitive load to the grid.
This time the grid current changed to 28.26 A, as same active
and reactive power is applied. After the 2nd step change, the
grid current leads the grid voltage by 45◦ which can be seen
from Fig. 17(a). For the step changes, the controller tracks the
reference grid current within 2 ms which is clearly seen from
Fig. 17(b).

B. EXPERIMENTAL RESULTS
A 2kW reduced scale laboratory prototype is built in order
to validate the proposed hybrid PWM technique. The param-
eters used in case study for both simulation and experiment
are depicted in Table 5.

The photograph of the laboratory test platform is displayed
in Fig. 18. To develop the adopted inverter topology total
twelve IGBTs, two dc-link capacitors are needed. From the
Infineon Technologies K50T60 IGBTs (650V, 80A) are used
for constructing the laboratory prototype. Antiparallel body
diode DUNIA 10A10 (10A, 1000V) is equipped with the
IGBT to block the flow of reverse current. To produce the gate
pulses for the IGBTs, TMS320F28335 DSP development
board is utilized. The grid is considered in the laboratory
using the California Instruments AMETEK CSW5550 pro-
grammable power supply. The gate pulses coming from the
DSP board are insufficient for the IGBTs. Hence, the gate
pulses of the DSP board are boosted up by a custom gate
driver circuit which is designed by using TLP250 opto-
couplers and B1212S-1W isolated dc-dc converters. Two
dc power supply are used for powering up the system.
In order to display the outputs, a four-channel oscilloscope
(GDS-1104B) is used.

FIGURE 18. A photograph of the laboratory test platform.

The modulating signal and the carrier signal of the pro-
posed hybrid PWM technique is depicted in Fig. 19(a) and
Fig. 19(b), respectively. Comparing these two signals, gate
pulses for the IGBTs of the adopted T-type NPC inverter are
generated. The unfiltered line voltage and filtered three phase
line current of the inverter under the proposed hybrid PWM
technique are depicted in Fig. 20 and Fig. 21, respectively.
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FIGURE 19. (a) Modulating signal and (b) carrier signal of the proposed
hybrid PWM technique.

FIGURE 20. Unfiltered line voltage of the inverter under the proposed
hybrid PWM technique.

28.29% unfiltered line voltage THD and 3.46% filtered line
current THD are achieved by the experimental. On the con-
trary, the dc-link capacitor voltages are depicted in Fig. 22,
which shows that 17.2 V maximum peak-to-peak capacitor
voltage difference is achieved by the experiment.

FIGURE 21. Filtered three phase line current under the proposed hybrid
PWM technique.

The filtered three-phase grid voltage waveform under the
proposed hybrid PWM technique is observed through the
grid simulator, as depicted in Fig. 23. The grid voltage and
grid current waveforms at unity, leading and lagging power
factor condition are depicted in Fig. 24(a), 24(b) and 24(c),
respectively. At unity power factor condition, the grid voltage
and grid current are in same phase. At the leading power
factor grid current leads the grid voltage by 90◦ whereas at

the lagging power factor, the grid current lags the grid voltage
by 90◦.

FIGURE 22. DC-link capacitor voltages under the proposed hybrid PWM
technique.

FIGURE 23. Three phase grid voltage (filtered) under the proposed hybrid
PWM technique.

FIGURE 24. Grid voltage and grid current waveform at (a) unity,
(b) leading and (c) lagging power factor under the proposed hybrid PWM
technique.

Another important issue regarding the hardware imple-
mentation of the proposed PWM technique is associated with
the computational burden of the DSP processor. The clock
frequency of TMS320F28335 DSP control card is 150 MHz
which is a constant term. By changing the counter maximum
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value, a single operation execution time period can be easily
tweakable. To generate only a 5 kHz carrier wave, it requires
pre-scaling of the counter value, as it supports higher resolu-
tions of the triangle wave.

Generating the proposed modified carrier wave in DSP
control card, requires a sinusoidal function along with sev-
eral arithmetic operations such as addition, multiplication
and subtraction. A single instruction execution time for
TMS320F28335 is 25ns. To generate a single period of
proposed carrier wave, it takes 250ns worth of additional
computing time compared to a conventional triangle wave.
Considering only a 5 kHz carrier wave, the additional 250ns
per instruction doesn’t create any effect or additional com-
putational burden on the DSP processor. Therefore, it can be
said that there is not much computational burden associated
with implementing the proposed hybrid PWM technique on
DSP hardware.

VII. CONCLUSION
A hybrid PWM technique consisting of a modified modulat-
ing signal along with a modified carrier signal is suggested in
this work to improve the performance of grid-tied T-typeNPC
inverter. The unfiltered output line voltage THD and the peak-
to-peak dc-link capacitor voltage difference offered by the
proposed modified hybrid PWM technique are 25.57% and
11.8 V, respectively which are lower than the existing SPWM,
CSVPWM, THPWM and SDPWM techniques. Moreover,
the total power loss of the proposed hybrid PWM technique
is 278.3 W which is an upgrade of 3.6%, 2.73%, 2.74%,
0.57% than the existing SPWM, CSVPWM, THPWM and
SDPWM techniques, respectively. Therefore, the proposed
hybrid PWM technique can lower the thermal stress of the
power switches by lowering the junction temperature gen-
erated through power loss. The total harmonic distortion of
the output line voltage and the dc-link capacitor voltage dif-
ference obtained under the proposed modified hybrid PWM
technique are 28.29% and 17.2 V, respectively, by exper-
imental laboratory prototype which support the simulation
results very well. Finally, it can be said that the well agree-
ment between simulation and experimental results make the
proposed hybrid PWM technique a better competitor in the
field of solar PV fed grid-tied applications than other existing
PWM techniques.
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