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Performance Analysis of T-type Inverter Based
on Improved Hysteresis Current Controller

M. INCI

Abstract—This paper presents an improved hysteresis current
control method for five level T-type inverter. The proposed
method is based on four hysteresis levels and performed to
generate switching signals of fundamental transistors in T-type
inverter. By using generated signals through hysteresis
controller, bidirectional switch in T-type inverter is triggered
through the logical way. The system is detailed in analytical
expression and exhibited to generate five voltage levels at the
output of inverter. The improved technique is based on an error
signal between the output current and the reference value.
Therefore, the proposed modulation technique achieves the
following output current at the desired value and ensures high-
efficiency conversion ratio at the output. In order to show the
validity of the proposed method, the controller is compared with
conventional sinusoidal pulse width modulated T-type inverter.
In performance results, it is obvious that the proposed method
provides a lower total harmonic distortion in comparison with
conventional method.

Index Terms—Hysteresis current controller, T-type inverter,
Comparison, Total harmonic distortion, Sinusoidal pulse width
modulation.

l. INTRODUCTION

N INDUSTRIAL APPLICATIONS, inverters are known as

power electronic converters which convert dc electrical
power into ac electrical power. These converters exist in
different implementations such as renewable energy
integration, custom power devices, industrial and home
appliances in different power ranges [1, 2]. In order to convert
dc power into ac power, traditional inverters cause high
switching losses, electromagnetic interferences and high total
harmonic distortion (THD) [3-5]. An alternative solution is the
utilization of multilevel inverter to minimize the disadvantages
of conventional inverters [6]. Multilevel inverters have high-
efficiency conversion ratio, low electromagnetic interferences
and low power losses in energy conversion implementations
compared to conventional inverters [7-9]. Because they have
more smooth voltage waveforms with an increased number of
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voltage levels compared to classical inverters[10]. Besides,
they require low-rated filters thereby diminishing the entire
system dimension. These inverters also reduce the THD level
at output voltage thus increasing the power quality of the
entire system [11, 12].

Conventional inverters are generally preferred for low power
applications. But, the usage of these inverters becomes
difficult to apply owing to the high voltages that the switching
devices must block [13-15]. In this case, the solution is to use
multilevel inverters. In these conditions, multilevel inverters
replace conventional inverters. The most common multilevel
inverter topologies are cascaded H-bridge, diode clamped and
flying capacitors [16, 17]. Also, there are several switches
reduced multilevel inverter topologies in addition to H-bridge,
diode clamped and flying capacitors. Among switch reduced
multilevel inverters, T-type inverter is an alternative solution
which generates five levels with fewer components [18, 19].
There are different modulation techniques to generate a more
smooth output voltage with less THD. Sinusoidal pulse width
modulation, space vector modulation, selective harmonic
elimination and hysteresis pulse width modulation are
common techniques in the literature [20, 21]. However,
conventional T-type inverters use conventional sinusoidal
based PWM methods in order to convert dc voltage to ac
voltage. For this purpose, in this paper, hysteresis-band
controller with current feedback is firstly integrated with five
level T-type inverter. The study also evaluates the
performance of T-type based on hysteresis controller
according to THD, efficiency and voltage output. Also, the
performance results of hysteresis band controller is compared
to spwm.

Il. T-TYPE INVERTER

Fig. 1 introduces the circuit scheme of a five-level T-type
inverter. This structure consists of four mono-directional
switches (S1, S2, S3 and S4), one bidirectional switch and two
dc sources per phase [22]. The presented bidirectional switch
includes two back-back mono-directional switches and
triggered simultaneously. For higher voltage levels, topology
requires more bidirectional switches and dc voltage sources
[23].

To generate five voltage levels by using T-type inverter, two
dc-link capacitors (of each Vdc/2) are used per phase. In the
operation of the inverter, S1-S4 and S2-S3 are turned on to
generate Vdc and —Vdc levels, respectively [24]. The
switching states to generate all voltage levels are given in
Table 1. The equivalent circuits of T-type inverter during
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switching states are introduced in Fig. 2. In the first state, S1
and S4 are turned on and the output voltage is equal to +Vdc.
In this state, the operation of T-type inverter is similar to the
positive cycle of conventional H-bridge inverter and the
current follows the path from S1 and returns from S4 [18, 23].
In State 2, bidirectional switch S5 and S4 are closed and the
voltage value is half the dc voltage in positive. The current
flows through C2 and S4 in order to complete full path. In the
third stage, bidirectional switch S5 and S3 are turned on to
generate negative half dc voltage at load [25]. In this
condition, the current flows through CI1-S3-S5 and the
direction of current is opposite to state 2. In the fourth stage,
S2 and S3 are turned on and the output voltage is obtained as
the inverse voltage of dc source [26]. This is the negative
cycle operation of conventional H-bridge inverter. In state 5
and state 6, S2-S3 and S1-S3 are respectively turned on to
obtain zero voltage at the load.

Five Level T-Type Inverter
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Fig.1. The circuit scheme of five level T-type inverter

TABLE |
THE SWITCHING STATES OF FIVE-LEVEL T-TYPE INVERTER
OUTPUT VOLTAGE
S1 S2 S3 S4 S5 Vout
1 0 0 1 0 +Vdc
0 0 0 1 1 +Vde/2
0 0 1 0 1 -Vde/2
0 1 1 0 0 -Vdc
0 1 0 1 0 0
1 0 1 0 0 0

For a resistive-inductive load connected T-type inverter, the
relationship of voltage and current at load-side is given as
[27]:

. di
Vout = Rijpad + L% 1)

o Vout=Vdc/2 (State 2 in Table)

+ a3 Ja
SESVA Mt "ANE e | AN

T

Fig. 2 The switching states and equivalent circuits of T-type inverter
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Rearranging the (1), the equations can be written in the new
form:

- .* -
Aljoad = lload ~load 2
Aijpagd
— 3
ot ®3)
Assuming the value of resistance is very small, we can write
the reference voltage in (4):

Vout = Rijpad + L

Aijgad
\ =L— 4
ref dt 4)

In the final arrangement, it is clear that the output voltage is
controlled by the small change of load current, as introduced
in (5) and (6) [27].

L Alload _ | dijoad _Vout ©)
dt dt
Ai
L% =V —Vout ©)

I1l.  THE PROPOSED CONTROLLER

In switching of T-type inverters, spwm based controller
methods are used to generate switching signals [28]. However,
these methods cannot achieve the following output current at
the desired value. For this purpose, in this paper, hysteresis-
band controller with feedback current is improved and
designed for five-level T-type inverter. The hysteresis
controller defines the states of the switching devices in an
inverter to make current follow its reference value. In the
implementation of the hysteresis controller, the switching is
accomplished through a maximum error band of current (Ai)
[29, 30]. This method is based on instantaneous feedback
current control in which the load current permanently tracks
the reference current within hysteresis band values [31].

Figure 3 clarifies the working fundamentals of the
hysteresis-band controller based on current error. In classical
hysteresis band controller, it consists of two hysteresis bands:
upper and lower. When the current exceeds upper band, the
switching signals are produced and the switch is turned on. If
the value of current passes to the lower-band, the switching
signal turns off.

In the proposed controller scheme, four hysteresis values are
determined, and it is compared with the actual current error
signal. When the current exceeds a pre-defined hysteresis
band, the switching signals are produced and the switches are
turned on or turned off according to a rational rule. The
scheme of proposed hysteresis current controlled T-type
inverter is introduced in Fig. 4. The expression of the scheme
is expressed below.

In T-type inverter, when S1 and S4 are in conduction mode,
the slope of current is positive and describe as follows:

di Ve —Vpm sin(et +0) .
dt L M

When S5 and S4 are in conduction mode, the slope of
current is positive and the output voltage is equal to +Vdc/2. It
is described as:

di Ve /2-Vmsin(at +0)
dt L

®)
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Figure 3. A classical presentation of conventional hysteresis current
controller

Fig. 4 The proposed hysteresis controller for five-level T-type inverter

In conduction states of S5 and S2, the slope of current is
negative and the output voltage is equal to -Vdc/2. It is
described as:

di _ —(Vge/2+Vpsin(at +0))
dt L

In  which, Vi is dc input voltage, is
instantaneous load voltage and L is inductance value. The
similar relation when the S2-S3 is turned on and it is written
as follows:

©)
Vp, sin(at +6)

di _ = (Vge +Vmsin(et +06))
dt L

(10)

In hysteresis-controller, current ripples and switching
frequency are dependent on the depth of the band. For
instance, switching at high frequency and low ripple is
obtained by very small band value. Also, an optimal band that
provides stabilization between harmonics ripples and
switching losses is fascinating. Figure 5 presents the
illustration of hysteresis band modulation technique for five-
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level T-type inverter. In the controller, the error signal is
applied at the input of comparator with hysteresis bands.

Hysteresis
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Fig. 5 Illustration of improved hysteresis-band current control based T-type
inverter

According to the hysteresis rule of T-type inverter, the
conditions for S1, S2, S3 and S4 are:
The switching states of S1 are given as:

.x R
S; = Lload_'load > H1— ON (an
iload —lload < H4 — OFF
The switching states of S2 are expressed as:
iload —lload > H4 —» OFF
The switching states of S3 are defined as:
S3 = 'load ~lload ~ H2—>ON (13)
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The switching states of S4 are defined as:

Sy = _L!oad __lload <H2—->O0ON (14)

where H1, H2, H3 and H4 define the levels of hysteresis
controller.

The switching of bidirectional S5 is achieved by logical
gates according to the logic table. The switch is turned-on or
turned-off according to the below rule:

S5=5152(5354 + 5354) (15)

Bidirectional (S5) signal is derived according to the

karnaugh-map rule by using Table 1.

IV. PERFORMANCE RESULTS

The proposed modulation strategy is modeled and tested in
the Simulink environment.  In the tested system, one
bidirectional and four mono-directional switches are triggered
to generate the output voltage. For this purpose, 100 V dc
voltage is used at the input of inverter and 3 ohm resistor is
used as a load. Performance results are obtained with and
without output filter. The system parameters of the designed
model is given in Table 2.

TABLEII
THE SYSTEM PARAMETERS OF THE DESIGNED CIRCUIT

System parameters Value

Input voltage 100 Vdc
Output voltage frequency 50 Hz
Transistor MOSFET
Number of transistors Six (6)
DC-link capacitors 100 uF
Load resistor 2 ohm
Load inductor 2.2mH

Filter Lf=1 mH Lc=1 uF

In the performance stage, hysteresis current controller is
performed for two conditions of hysteresis bands. Also, a
performance comparison is given in order to show the
effectiveness of the proposed method. In the first case study,
the hysteresis bands are selected in a wide range. The values
of hysteresis are 0.8, 0.3, 0 and -0.5 for H1, H2, H3 and H4,
respectively. By this way, the waveforms of switching states
and output voltage are introduced in Fig. 6. It is clear that T-
type inverter generate five voltage levels through a proposed
hysteresis current controller method.
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Proposed method based on wide bands
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Fig. 6 Switching signals and output voltage at wide-range hysteresis band

In the second case study, T-type inverter with control based
on Hysteresis control is performed in narrowband values. The
values of hysteresis bands are respectively 0.8, 0.3, 0 and -0.5
for H1, H2, H3 and H4. In this state, the frequency of the
narrowest switching pulse is measured as 10 kHz. The
switching states and square-wave output voltage waveforms
are presented in Figure 7. It is obvious that the switching
frequency of the inverter is higher in comparison of first case.

When the LC filter is used at the output of the inverter, the
voltage and current filtered become in sinusoidal form. The
waveforms of wvoltage and current after the filtering are
presented in Figure 8. In this case, the performance results are
taken for narrowband based hysteresis current controller
method.

In performance assessment, THD values of spwm and
proposed hysteresis current controller are compared. The
harmonic spectrums of both spwm and the proposed method
are given in Figure 9. It presents individual harmonic
components up to 1 kHz. The switching frequency of each
method is selected as 10 kHz for comparison. The comparison
results show that THD value by using conventional spwm is
2.97 percent. However, the proposed method can achieve to
reduce lower THD values. THD value by using the proposed
method is shown as 1.21 percent.

Proposed method based on narrow bands
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Fig. 7 Switching signals and output voltage at narrow-range hysteresis
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under narrow hysteresis band control
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Sinusoidal Pulse Width Modulation
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Fig. 9 THD comparison of conventional spwm and improved hysteresis
controller at 10 kHz

Table 11l presents the THD value according to spwm and
hysteresis methods. Also, the magnitudes of fundamental and
individual harmonic components are given.

TABLE 111 THD VALUE, HARMONIC INDIVIDUAL PERCENTAGES
AND PHASE DEGREES FOR SPWM AND HYSTERESIS METHODS

Spwm Hysteresis
THD 2.97% 1.21%

No Percentage Degree Percentage Degree
1 100 -0.8 100 -0.1
2 0.07 86.5 0.22 117.4
3 0.85 -374 0.79 207.6
4 0.07 82.9 0.35 -27.1
5 1.83 -17.2 0.06 70.7
6 0.07 79.4 0.17 248.9
7 1.72 -10.8 0.32 226.5
8 0.07 75.9 0.15 60
9 0.54 9.4 0.37 75.8
10 0.07 72.4 0.21 -83.2

11 0.40 16.3 0.16 81.1

12 0.07 68.9 0.06 205.6

13 0.04 -69.6 0.25 =773

14 0.06 65.5 0.21 18

15 0.70 198.6 0.04 -59.1

16 0.06 62.1 0.15 -68.3

17 0.51 268.7 0.27 -49.1

18 0.06 58.7 0.06 159.6

19 0.62 -45.1 0.26 121.7

CONCLUSION

In this paper, hysteresis current controller is improved and
adapted for five-level T-type inverter. In the proposed
controller scheme, the main switches (S1, S2, S3 and S4) are
triggered through hysteresis current controller modulation
strategy. In order to generate these switching signals, the error
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signal between the actual load current and the reference signal
is used as hysteresis input. The error signal and its inverted
signals are compared with four hysteresis levels in order to
generate switching signals of S1, S2, S3 and S4. In triggering
of the bidirectional switch, the logical procedure is realized
according to the truth table of T-type inverter. The proposed
hysteresis controller with feedback current is tested and
switching signals are generated for different hysteresis band
values. According to the different hysteresis band values, it is
obvious that the switching frequency changes in kHz levels.
Also, the performance results of the proposed method are
compared to conventional spwm technique implemented in T-
type inverter. The comparison results show that THD of
hysteresis current controlled T-type inverter is lower than
spwm controlled inverter. In this way, it presents that
proposed modulation strategy shows excellent results for ac-dc
voltage conversion in T-type inverter.
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