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Abstract- Today, multi-level inverters (MLISs) are widely used and applied in many fields, including renewable energy systems
and industrial drive control, among others. Multi-level inverters are mainly modulated by Pulse Width Modulation (PWM)
method, in which Space Vector Pulse Width Modulation (SVPWM) is a superior method. However, as the number of levels
enhances, the implementation of SVPWM for multi-level inverters has many difficulties. In this paper, the two new pulse patterns
corresponding to two switching sequences in space vector modulation are applied for the three-phase three-level T-type inverter.
Experimental results will evidence the advantages of the proposed switching sequences. Furthermore, both switching sequences
can be executed in real-time using a single Texas Instruments F28379D, demonstrating hardware simplicity.

Keywords Multi-level inverters, Space vector pulse width modulation, T-type inverter.

1. Introduction

Multi-level inverters (MLIS) nowadays are continually
being researched and developed with different modulation
strategies. Some MLIs were early introduced, such as
Cascaded H-bridge (CHB) [1-3], Neutral Point Clamped
(NPC) [4], and Flying Capacitor (FC) [5-6]. Cascaded H-
bridge inverter is suitable for photovoltaic (PV) system as it
requires isolated DC sources. Though, the large number of DC
sources for the higher level is the limitation of this inverter.
For Neutral Point Clamped and Flying Capacitor inverter,
although they only use one DC source, the number of
semiconductor devices and the conduction losses are large [7].
Therefore, T-type inverter was introduced [8]. T-type inverter
has many advantages of simple operating principle, a small
number of semiconductor devices, low conduction losses, only
one DC source needed, and good output voltage quality (low
THD) [9]. Thus, T-type inverter is popular for solar rooftop
systems and low voltage applications with medium switching
frequency [10]. However, this topology requires the balance of
two DC-link capacitors voltages. The unbalanced voltage on
two DC-link capacitor causes overvoltage of semiconductor
devices and high THD of the output current, so the DC-link
capacitors voltage balancing algorithm is recommended. This
algorithm works according to using redundant switching states
during space vector modulation so there is no need for
additional circuit configuration.

Sinusoidal PWM (SPWM) and space vector PWM (SVM)
are commonly used to control T-type inverters, with SVM
being the superior method. For the same modulation index,
SVM creates the output voltage with low total harmonic
distortion when compared to SPWM. The DC-link utilization
of SVM is also better than SPWM. Flexibility in using
switching states for minimizing switching frequency,
harmonics, current ripples is also an advantage of SVM [11-
22]. Nevertheless, the conventional SVM-based MLIs use
complex mathematical functions to identify the location of the
reference voltage vector and calculate the dwell times. For
high-level inverters, the execution of SVM is a really difficult
task because of a large amount of sub-triangle and redundant
switching states [21]. Thus, they require complicated hardware
or an expensive microcontroller. In this paper, a modified
SVM technique is applied to three-phase three-level T-type
inverter. The contribution of this paper is two separate
switching sequences. These two switching sequences have the
switching on-time directly compared with triangular wave 5
kHz, which is the same as two-level SVM. Hence, it can be
easily performed on a card DSP (F28379D of Texas
Instruments) [24-25]. When compared to the d-SPACE RTI
1103 platform utilized in [15], Tls DSP (TMS320F28335)
and Xilinx Spartan 6 FPGA utilized in [26] this minimizes
the cost and complexity of the control circuit.
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2. Three Level T-type Inverter

The structure of the three-phase three-level T-type inverter
is shown in Fig. 1. The input voltage is divided into two
voltage components V,;./2 by two DC capacitors. Besides,
each phase consists of four IGBTs (Sx1 to Sx4, x = A, B, C).
The switches Sx1 and Sx4 must block the entire DC-link
voltage, whereas the switches Sx2 and Sx3 just must block
half of it.

SAL sB1 1 sc1
i i i
saz A3 3
‘o
V Vpl::
dc i, | sB2 B3 b

< > O
sc2 sc3
an: L c o
i i i
\ SA4 sB4 |- sC4 |

Fig. 1. Three phase three level T-type inverter.

Turning the switches ON and OFF properly, T-type inverter
will generate three levels of phase voltage: V;./2, 0, =V,;./2.
The voltage levels V;./2 [P], 0 [O], —V,./2 [N] are obtained
in the output by using different switching sequences. Table 1
describes the switching condition to get the required output
voltage for phase A. A dead time must be supplied between
the switching of switches to avoid DC source short circuit.

Table 1. Switching state for phase A

Table 2. Three level T-type switching states

Vector Switching state

ZV | VO [O0O0], [PPP], [NNN]
P-type: [POO], [PPO], [OPO],
[OPP], [OOP], [POP]

SV | V1-V6 N-type:  [ONN], [OON],
[NON], [NOO], [NNO],
[ONQO]

MV | V7-V12 [PON], [OPN], [NPO], [NOP],
[ONP], [PNO]

LV | V13-V18 | [PNN], [PPN], [NPN], [NPP],
[NNP], [PNP]

The space vector diagram is shown in Fig. 2.

State | V,, |SAL |SA2 |SA3 |sA4
P V,/2 |ON |ON |OFF | OFF
0 0 OFF |ON |ON | OFF
N V,./J2 |OFF |OFF |ON |ON

3. Space Vector Modulation Technique

In three-level inverter, there are 3% = 27 switching states,
that can generate 19 voltage vectors, including zero vectors.
These vectors are categorized into zero vector (ZV), small
vector (SV), medium vector (MV), and large vector (LV). The
small vectors are separated into P-type and N-type.

Fig. 2. Space vector diagram of three phase three level T-type
inverter.

As shown in Fig. 2 space vector diagram is separated into
six sectors (I to V1) and each sector has four sub-triangles (A1l
to A4) with corresponding switching states.

Fig. 3 describes the SVM implementation.
3.1. abc to af transformation

Three phase voltage system:

Vp =Vmsin (a)t)

Vg =Vpsin (wt—z::j @)

. 2r
Ve =V sin a)t+?
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Using Clarke transformation: B

Vg =%(2VA—VB —VC)

@) K a Zy

\ &5

1
Vp = ﬁ(VB ‘Vc)
Output voltage vector: Vief =Va + jvﬂ _ _
Fig. 4. 0ap to 60-degree transformation.

3.3. Sector and sub-triangle selection

@ Once the V;; coordinates are found out, the location of the

output voltage vector in the sectors is defined in Fig. 5.

abc to aff transformation

No

\ 4
aff to 60-degree
transformation

@
A 4 Y
| Sector | | | Sectoerl

\ 4 Yes No
Sector and Sub-triangle
selection
1
Dwell time Caculation Yes
+
DC-link capam?ors [sector 111] [ sector vi|
voltage balancing
algorithm Fig. 5. Sector selection algorithm.
. 2 In three-level inverter, each sector consists of only four sub-
triangles. Sub-triangle selection condition based on two
Switching sequence quantities m;, m, being the projection magnitude of V,.; on
Z;j axes.
A 4 - v
Switching on-times m. —+_ ZixX
. 1 -
caculation 173V
(i=1-3) (4)
. . . VZiy
Fig. 3. The SVM implementation. my, =+————
3.2. af to 60-degree transformation 1/3Vye
As illustrated in Fig. 4, the vector space is made up of three The V. lies in different sub-triangle according to the
coordinate  systems  (Zy,Zy,),  (Zyx,Zy,), and  following condition:
(Z3x,Z3y).Project Viygp ON Zyy, Zyy, Zoy, Zay, Zax, Zzy @X€S: 0. Vypp is in Al if my, my and my + m, < 1
V71x = Vg —tmp VZly = 2tmp il VyepisinA2ifm; >1and2 2m; +m, > 1
— — is in A3 if <1 <1
VZZX — Va +tmp szy — _Va +tmp (3) 1 Vref 1sin A3 1 m=s1,m; = and

v ot V. ¢ 2z2m;+my;>1
= 2tm =-v, —tm
Z3x P z3y = Ve THMP V. V,op isin Ad ifm, > 1and 2 > m, +m, > 1
1
(where tmp = —vp)
v 3.4. Dwell time calculation and DC-link capacitors voltage
algorithm
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After determining the location of the output voltage vector
V,es (including sector and sub-triangle), V,.r will be
synthesized from three nearest vectors (Nearest Vector
Modulation). For example, if V,f lies in sub-triangle 2 of
sector I, V1, V7, V13 are three nearest vectors to V...

According to the volt-second balancing principle:

T =Ty +Tb +Te

Ta v, Too, T
Vs =2 V1+ 2 V7 Cy13 (5)
TS TS TS

Vs =g VT +d V7 +d; V13

Where d, is the dwell time for V1 and d,, d. is
corresponding for V7, V13. Fig. 6 shows the calculation
process for them.

V14

V2
mz

=

Fig. 6. Dwell time calculation for V1, V7, V13.

VO

Vs =V1+(m -1). (V13 -V1) 4+ m,y 12 ©
> Vygs =VT+(my -1). (V13 -V1)+my (V7 -V1)

_’Vref :(Z—ml—mz).V7+(m1—1).V13+m2.V7

As mentioned, DC-link capacitors voltage balancing is a
major challenge for T-type inverter. DC-link capacitors
voltage balancing algorithm uses redundant switching states
during space vector modulation. The zero vectors, the medium
vectors, and the large vectors do not affect the voltage on two
capacitors. Switching states of the small vectors are separated
into P-type and N-type. The P-type states make i, flow in the
negative direction, C1 charge and C2 discharge, whereas the
N-type states make i, flow in the positive direction, C1
discharge and C2 charge.

DC-link capacitors
performed as Fig. 7:

voltage balancing algorithm s

Measure Vp, Vn

y

Discharge C2
(Use N-type)

Discharge C1
(Use P-type)

Fig. 7. DC-link capacitors voltage balancing algorithm.

The two proposed switching sequences in this paper are
expounded to simplify the SVM implementation.

3.5. Switching sequence and switching on-times calculation

L

++ Eight-segment switching sequence

The eight-segment switching sequence uses both P-type and
N-type switching states of the small vectors in each case m =
1 or m = 0. Table 3 shows the eight-segment switching
sequence for sub-triangle 1 (A1) in sector I. The purpose of
this sequence is that the generated pulses have a special rule:
e  Pulses feeding to switches Sx1 will locate on the sides.

e  Pulses feeding to switches Sx4 will locate in the middle.
(Sx3 = Sx1 and Sx2 = Sx4 where x = 4,B, C).

This sequence has the advantages of low total harmonic
distortion and reduced conduction losses (only one phase must
change state at each switching). However, using both
switching states of the small vectors in each case m =1 or
m = 0 will reduce the efficiency of DC-link capacitors voltage
balancing algorithm.

Table 3. The eight-segment switching sequence for Al,
Sector |

A m Switching state

[PPP]—[PPO] — [POO] —
[000] — [000] — [POO] —
1 [PPO] — [PPP]

[000] — [OON] — [ONN] —
m =0 | [NNN]— [NNN] — [ONN] —
[OON] — [000]

From Table 3, the pulse is drawn as Fig. 8.
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(000) (0ON) (ONN) , (NNN) (NNN), (ONN), (OON) (000)

SA4

SB4

SC4

da/4 dc/2 db/2 da/4A da/d  db/2 dcl2 da/4

<
<

>

Ts

A1, sector 1, m=0

(PPP), (PPO), (POO) (000) |(000) | (POO)  (PPO)  (PPP)

SAl

SB1

SC1

da/4 dc/2 db/2 da/4 da/4 db/2 dc/2 da/4

<
<

>

Ts

A1, sector 1, m=1

Fig. 8. The pulses for eight-segment switching sequence
(Vres is in Al, Sector 1).

To generate the pulses in Fig. 9, the switching on-times are
calculated in Table 4, in which two rules are used:
e Switches Sx1 will apply the rule: dg,.; > triangular wave.
e  Switches Sx4 will apply the rule: triangular wave > dg,,
where x = A4,B, ().

Table 4. The switching on-times for the eight-segment
switching sequence (V,..r is in Al, Sector 1)

m Switching on-times
d =
dSAl = -4 + db + dC dSA4 1
m dsp1 = 7‘1 +d. dsoa =1
da d = 1
d — SC4
SC1 2
= d
dSAl O dSA4— = 7(1 + db + dc
=0 = d
" dsp1 =0 dspy = 7(1 +d.
dsc1 =0 da
dsca = =
SC4 2
% Six-segment switching sequence
The six-segment switching sequence is performed

according to the following principle:
o if m =1 we will select the P-type switching states.
o if m = 0 we will select the N-type switching states.

Table 6 shows the six-segment switching sequence for sub-
triangle 1 (Al) in sector I. Similar to the eight-segment
switching sequence, this sequence also generates the pulses
having a special rule:

e  Pulses feeding to switches Sx1 will locate on the sides.
e  Pulses feeding to switches Sx4 will locate in the middle.
(Sx3 = Sx1 and Sx2 = Sx4 where x = 4,B, C).

The advantage of this sequence is that during a modulation
cycle only two switches have to switch state so the conducting
losses are automatically reduced to about 2/3 of the initial
value [23]. In addition, using each switching state of the small
vectors in two cases m = 1 and m = 0 helps to balance the
DC-link capacitors voltage better, but it increases THD of the
output voltage.

Table 5. The six-segment switching sequence for Al,
Sector |

A m Switching state

[PPO]—[POO] — [O00] —

1 [000] — [POO] — [PPO]
[OON] — [ONN] — [NNN] —
[NNN] — [ONN] — [OON]

From Table 5, the pulse is drawn as follow.

(OON) (ONN) (NNN) (NNN) (ONN) (OON)
SA4
SB4
SC4

dc/2 db2 da/2 da/2 db/2 dc/2

Al, sector 1, m=0

(PPO) (POO) (0OOO) (00O0) (POO), (PPO)
SAl
SB1
SC1

dc/2 db/2 da/2 da/2 db/2 dc/2

A1, sector 1, m=1

Fig. 9. The pulses for six-segment switching sequence (V;..¢
is in A1, Sector 1).
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The switching on-times are calculated in Table 6, in which
two rules are used:
e Switches Sx1 will apply the rule: dg,, > triangular wave.
e  Switches Sx4 will apply the rule: triangular wave > dg,,
where x = A, B, C).

Table 6. The switching on-times for the six-segment
switching sequence (Vy is in Al, Sector 1)

Table 7. System parameters

m Switching on-times
dsqr = dp +d. dspa =1
m=1 dsp1 = d, dspy =1
dsc1 =0 dscs =1
dss1 =0 dspe = dp +d,
m=0 dsg1 =0 dsps = d,
dsc1 =0 dscs =0

4. Experimental Results

The real-time implementation of the modified space vector
modulation for three-level T-type inverter has been conducted
by using card F28379D and Typhoon HIL 402. The Typhoon
HIL Control Center (ver 2020.3) was used to create three-level
T-type inverter with LC filter and R load. The Code Composer
Studio (ver 9.3.0) was employed to implement the control
algorithm. The prototype of the experiment is shown in Fig.
10.

2. F28379D card
and interface card

Fig. 10. The experiment environment.

The same parameters and operating conditions are applied
for two proposed switching sequences to compare their
performance. Particularly, the results of the output voltage,
DC-link capacitor voltage, and the voltage harmonic spectrum
will be presented. The parameters of the system are listed in
Table 7.

Parameter Value Description
Ve 600 [V] DC-link voltage
C 940 [uF] DC-link capacitance
Ly 1 [mH] Filter inductance
Cr 20 [UF] Filter capacitance
Rioad 9.68 [Q] Load resistance
fs 5 [kHz] Switching frequency
T 0.2 [ms] Sampling time
Desired output phase voltage: 220 (V)

Fig. 11, Fig. 12 shows the line to line u,, and the output
phase voltage of two switching sequences. Both line voltages
U,y are in five-level. It has proven that the control algorithm
works properly.

[ vab)
s
D
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time(s)
(@)

600, T Vab
300 B
g o %

-30 1

60 0 0.005 O‘.Ol 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time(s)
- - - (b) -
Fig. 11. The line to line u,;, (a) Eight-segment
(b) Six-segment.
200 ; ‘ ‘ ‘ ; ;
-~ [ Vb
% o /\\//\
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time(s)
(@)
300~ /}LMV - P ‘ E
~ I~ Vb
g or [// N 4 \\1’ Vet Ve
r . . !
a0, ! SR S ‘ i ]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time(s)

_ (b) _ _
Fig. 12. The phase output voltage (a) Eight-segment (b) Six-

segment.

Fig. 13 shows the DC-link capacitor voltage of two
switching sequences. Using P-type and N-type switching state
of the small vectors in two cases, m=1 and m=0
respectively, allows to balance the DC-link capacitors voltage
of six-segment better than eight-segment switching sequences.
As shown in Fig. 13, the AV, max of six-segment and eight-
segment switching sequences is 7 (V) and 10 (V) respectively.
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It proves that the DC-link capacitors voltage balancing
algorithm works effectively.

305 T
s 302}
298
293O O.‘OOS 0101 0.‘015 0‘.02 0.‘025 O‘.OS O.‘[)35 0‘.04 O.‘045 0.05
Time(s)
(@)
304
_ 302,
% 300"
298
2900 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 O.‘045 0.05
Time(s)
(b)
Fig. 13. The DC-link capacitor voltage (a) Eight-segment (b)
Six-segment.

Fig. 14 shows the THD of the output phase voltage of two
switching sequences. The quality of the output voltage of
eight-segment is better, about 1.30% vs 3.11% of the six-
segment switching sequence.

Fundamental (50Hz) = 309.2, THD= 1.30%
T T T T T T

©
n

o
»
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o o

o
e
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0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

(@)

Fundamental (50Hz) = 311.1, THD=3.11% _

o
©

o
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e
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e
o

o
»
T
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Frequency (Hz)

(b)

Fig. 14. The THD of the output phase voltage (a) Eight-
segment (b) Six-segment.

5. Conclusions

This paper presents a modified space vector modulation
technique for three-level T-type inverter. It is worth noting that
two switching sequences are proposed. A comparison between
two switching sequences was also presented to clarify their
advantages. The way to do the switching sequences allows
them to be implemented on a single Texas Instruments
F28379D. This indicates a reduction in the cost and
complexity of the control circuit as compared to the control
circuit utilized in existing traditional methods. The real-
time implementation was conducted to prove their efficiency
and feasibility.
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