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ABSTRACT This paper presents the advanced control method together with the disturbance rejection method
with the aims to obtain the low of total harmonic distortion (THD). The expectation of the paper is that the
output voltage is satisfied the requirements of the EN 62040 with the THD is less than 5%. Therefore, this
paper proposes a new disturbance observer (DOB) without the requirement of the information of the first
derivative disturbance for the three phase three level (TPTL) T-type inverter system. The proposed DOB is
based on the information of the measurable states, which are used such an inversed model of T-type inverter
to find the information of real disturbance. First, the DOB was designed based on the given measured and
estimated states. However, to design the DOB, the state observer is required. Therefore, second, the state
observer (SOB) was designed based on linear matrix inequality (LMI) to identify the optimal poles of the
state-tracking error function. Third, the estimated states were used to construct the fixed time (FT) sliding
mode control (SMC) to control the T-type inverter system. Fourth, the Lyapunov condition was used to
verify the correction of the proposed method. The performance of the proposed control strategy is validated
by simulations and experiments during steady-state, transients caused by load change, and unbalanced
grid conditions. The estimated states precisely tracked the measured states. The output signals precisely
converged to the predefined trajectories in a predefined time and the tracking errors are small. The obtained
results showed that the proposed control method provided excellent steady-state and good performances with
low THD in the line currents, zero steady-state error in the output voltage, and a very fast dynamic response.

INDEX TERMS Three-level T-type inverter, sliding mode control, state observer, linear matrix inequality,
disturbance observer.

I. INTRODUCTION

In renewable energy applications, inverters can be catego-
rized into two types: grid-tied and stand-alone inverters [1].
The grid-tied inverter converts the generated energy to feed
directly to the grid. A stand-alone inverter draws electrical
energy from the renewable energy source to supply the off-
grid power system. A three-phase two-level inverter uses six
bidirectional switches. The power supply should be a low
(total harmonic distortion) THD and sine waves source. The
multi-level inverter is an effective solution with applications
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for integrating renewable energy and AC drive. It solves
the problem of harmonics of the output voltage, which is
encountered by traditional two-level inverters for reducing
the filter size at the same time protecting and reducing losses
on the switches.

The multi-level inverters can be categorized as neu-
tral point clamped (NPC) [2], [3], [4], cascaded H-bridge
(CHB) [5], flying capacitor (FC) [6], T-type [7] and hybrid
type [8], [9], [10]. Therefore, the T-type inverter has been
utilizing more widely because of its advantage such as good
output voltage quality, low switching losses, simple structure
and requires only a DC power source [11]. The most impor-
tant factor of the T-type inverters is how to obtain the optimal
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configuration of the inverter with the bidirectional conduct.
Furthermore, the against the high inversed voltage is difficult
for the Insulated Gate Bipolar Transistors (IGBTs) and MOS-
FETs Hoever, the reverse blocking IGBT (RB-IGBT) can
easily obtain the expected goals of these mentioned problem
and the power density together with the optimal size of the
inverter dimension. Therefore, the RB-IGBT was selected for
study in this paper.

The application of T-type inverter for the permanent mag-
net synchronous motor was discussed in [12]. The 5-level
T-type inverter for six phase motor was discussed in [13]. The
T-type inverter for aircraft was discussed in [14].

The PI control with the verifications of simulation and
experiment were presented in [15]. A new, simplified space
vector pulse-width modulation (SVPWM) for a TPTL T-
type quasi-impedance source inverter was presented in [16].
A modified carrier level-shifted based control method for a
PWM controlled TPTL T-type inverter was presented in [17].
In [18], Compensation of inverter nonlinearity of Three-level
T-type inverters was presented. The feedforward decoupling
control strategy and reactive power compensation was also
presented in [19]. Paper [20] used deadbeat controller to
obtain the finite time stability. In [21], a proportional-resonant
(PR) control is used to damp the resonance in the LLCL
filter. The authors in [22] proposed predictive observer based
control method for single-phase T-type rectifier. The other
studies devoted for three-level T-type rectifiers are based
on EMI filter size minimization [23], improved modulation
scheme for neutral-point potential balancing and circulating
current suppression [24], and open-circuit [25] fault-tolerant
control methods with neutral-point voltage oscillations
suppression.

With the rapid developments of the power electronic sys-
tems the developments of hardware leads to the affect that the
software also need to be grew up. The software is counted by
the control algorithms. So such of that reason, in recent years,
there are some advanced control methods have been devel-
oped instead of PI controller which is not easy to accomplish
good performances under the perturbations The perturbations
in the power inverters can be listed as follows: The thermal
changing of resistances, reluctance, capacitors are considered
as the unwanted uncertain values. These values are usually
counted as the uncertainties. Furthermore, the outside distur-
bances such as the loads of the converter systems are strongly
unwanted terms Which should be cancelled by hardware
or software. To easy in handle these inversed factors, the
software implementation should be added into the control
system. To obtain the good results for the inverter systems,
the dead-beat in [26] and [27] were considered to give the
good performances with high quantity output voltage and fast
dynamic response However, these controllers requested exact
information about system parameters. In [28], a model pre-
dictive control (MPC) with load observer is proposed. Their
controller guarantees a small steady-state error, and reduces
the number of current sensors. But this scheme still gives a
high THD level in the output voltage. A repetitive controller is
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presented in [29]. With their algorithm, the voltage harmonic
distortion is low, however the dynamic response is slow.

With the motivations of these listed papers [26], this paper
presents a new SMC controller to make the three-level three-
phase T-type inverter stable under some hard conditions such
as: nonlinear or linear load, balanced or unbalanced load,
parameters system is faulty, time-varying disturbance.

Furthermore, this paper is designed a new DOB for T-type
inverter without the requirement of the first derivative dis-
turbance such as in the previous papers [30], [31], [32].
Furthermore, the proposed DOB in this paper is not request
the format of the disturbance such as in previous paper [33],
[34], [35]. The contributions to reject these requirements of
first derivative and fixed format requirements are important
factor in the unknown input observer area. Therefore, dis-
turbance with any frequency are all rejected theoretically.
Taking advantage of our proposed method in [36], a DOB
for T-type inverter is successfully designed for estimating
the complicated variations of parameters and the load com-
pensation. The stability of the proposed DOB is finite time.
Basically, the DOB of this paper requires the information
of the measured and estimated states. Therefore, the state
observer is requested. To simplify the design and present
clearly the new contribution, the state observer in this paper
is optimally designed based on the extended state observer
format. The gains of the state observer were obtained by
using the vertical LMI such as in [37]. The discussion of
the extended state observer can be found in [38]. The fault
tolerance methods for T-type inverter can be found in [39],
[40], and [41].

The proposed controller uses both inner and outer control
loops with the same structure. Each control loop uses the
FTSMC controller [33], combined with SOB and DOB, the
contributions of this paper are listed as follows:

1. The system states of the TPTL T-type inverter such
as the output currents and load voltages can be pre-
cisely estimated by the support of the LMI method with
vertical spaces. These estimated states were used to
construct SMC for both control of voltage and current
loops

2. The FTSMC was designed for controlling the TPTL
T-type inverter with a simple and effective structure.
In SMC design, the estimated state and reference input
are used to build the surface. Furthermore, the proposed
DOB is given based on the information of the measured
and estimated states.

3. To show the correction and effectiveness of proposed
controller on the TPTL T-type inverter, the proof was
theoretically provided together with the simulation by
using MATLAB software and experimental study.

The using of disturbance observer with the aim of softening
the chattering factor, which coursed from the gains of the
SMC. To DO is used to estimate the high and low frequency
disturbance observer. After using the DO, the SMC can be
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TABLE 1. Switching state for phase B.

State Vour Sk1 Sk2 Sk Sk
P Vpc/2 ON ON OFF OFF
(6] 0 OFF ON ON OFF
N -Vpc/2 OFF OFF ON ON

iLa
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FIGURE 1. TPTL T-type inverter.

design with small switching gains, which leads the chattering
is significant reduced.

The next sections of the paper consists of the section II,
the operation principle of a three-phase three-level T-type
inverter is presented. Section III presents mathematical model
of a three-phase three-level T-type inverter and preliminary
mathematics. The control methods for the T-type inverter
system is give in section IV. Section V is given to show
the simulation and experimental results, respectively. Finally,
section VI presents the conclusion of this study.

Il. OPERATION PRINCIPLE OF A TPTL T-TYPE INVERTER
The TPTL T-type inverter shown in Fig. 1, each phase con-
sists of three power switches (2 IGBTs and 1 RB-IGBT) [42].
Switching on and off power switches in appropriate ways will
generate a three-phase output voltage at three levels: +Vpc/2,
0, —Vpc/2. Table 1 illustrates the switching state according
to phase B output voltages.

Ill. MATHEMATICAL MIODEL OF A THREE-PHASE THREE
LEVEL T-TYPE INVERTER AND PRELIMINARY
MATHEMATICS

This section is used to show the mathematical model of
a three-phase three-level T-type inverter and mathematical
operations on LMI, FTSMC, DOB and SOB.

A. MATHEMATICAL MODELING OF THE THREE-PHASE
THREE-LEVEL T-TYPE INVERTER

By applying the Kirchhoff’s law for circuit at the point where
the filter is connected yields

dVLk

= Isk — Lk (D
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where Cr is the capacitance of the LC filter, the subscript
k = a, b, c illustrates the different phases of the system, vy
is the load voltage, which is the desired control objective, is
is current at the output-side of the T-type inverter, and iy is
the load current.
Transferring to synchronous d-q reference frame using
Park transformation:
dvia . :
G =i —la+o-Cvig
2

dVLq
—= =y — g —w-Cr-v
f dt sq — g f *VLd

where vig — vy, isa — isgira — iLq are load voltage, inverter
current and load current in d and g axes, respectively. w is the
changing speed of the voltage.

Transformation in matrix form, leading to

1
. — 0 .
ba | _| 0 @ v | | G Isd —iLd
"’Lq —w 0 VLg 0 L ’ Isq — iLg
G
3

To facilitate the process of calculating and designing the
controller in the next sections, referring

1
v 0 w Cr 0

_ | vea _ — f
oef) we[25) 0] 0
G

and u; = [Z.Sd iLd :l‘
Isqg — iLg
By applying Kirchhoff’s voltage law at the outside of the
circuit, we have
digy.
Lr—
where Ly is the inductance of the LC filter, the subscript
k = a, b, c illustrates the different phases of the system, vy
is the load voltage, vy is the output voltage of the T-type
inverter, ig is current at the output-side of the T -type inverter,
transferring to synchronous d — g reference frame using Park
transformation:

= Vek — VIk “)

di
f sd _ Vsd — VLd + oLy - iy
'd”l.” | 5)
b dsrq = Vsg = VLq — @Ly - isa

where vig — vy, isa — isgira — iLq are load voltage, inverter
current and voltage in dq coordinating system, respectively.
Transformation in matrix form, leads to

1

: . — 0
ba | _| O @ Via| | L | vsa —via
isq —w 0 Isq 0 i Vsq — Vig
Ly
Q)
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Similar to the above, to facilitate the process of calculating
and designing the controller in the next sections, referring

1

i 0 L Y
| Usd - w _ f
Xz_[isq] Az_[—‘” 0] 2= o LI
Ly
and up = [:sd :“:Zd
S

: q
Remark 1: The separated equations of overall model such
as in the equations (3) and (6) with the aim of softening the
calculation in the control design.

B. PREMILINARY MATHEMATICS

This section is used to describe the mathematical operations
of FTSMC, LMI and exponential convergence DOB.

1) FIXED-TIME SLIDING MODE CONTROL
Consider the system

X =fx,1) (N

where x(0) = xg - x € R", and f(x) € R".

Definition 1: FT stability [43].

System (7) is called FT stable if the settling time is globally
bounded.

Lemma 1: Consider the equation [43]

a Q
§ = —aysigh (s) — azsig” () ®)

where a; > b1,a; < by, 1 and oy, are positive values, s
is the scalar variable of time, which some time used for the
sliding mode surface and sig(s) = |s| sign(s) Therefore, the
settling time is bounded as follows:

1 b 1 b

T < Thax = — — 9
max alal—b1+a2a2—b2 ©

where Tax is the maximum value of the settling time. T is
the real settling time of the reaching law in Eq. (8).
Proof: The Lyapunov candidate can be chosen by

)
V(s) = ES (10)
Taking derivative for Eq. (10) yields
V(s) = s§
a a
= s(—osig" (s) — aasig” (s))
ay+by ar+by
= —O{15 2y — 0{28 2by
aj+bg ar+by
=—a1V(s) 1 —onV(s) *2
ay+bg 112+h2 ar+by
= [—alvm P az} V) 7
<0 (1)

Because V(s) < Osystem (7) is globally bounded. V(s) = Ois
a simple case. V(§) # 0 leads to

1 dv(s)

ar+by t

Vis) %2

aj+by _ ar+by
2by

= —aV(s) —w (12
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or
1 dv(s)
ar+by t
V(S) 2by
alzbl _z12+b2
2, T 3%
=—a V(s 7 -
by—ap
20y
y 1 dvis) 2 bhh—a 13)
byay—byay dt by

aiV(s) 122 4o
Integrating (14) over the time from zero to T yields

0 by—ap
V() %2 _ by — azT (14)
by—ay [(bzal—blaz) ] T 2p
1 2
0 arV(s) 2 L hilr-a) + a2
or
o0 by—ay
o1 V) B
< by—ap bz az (bpay~byay) | by—ay
20 2% Y o V() P12 25,
(15)
_ 1 b +i by bi(by—a2) (16)
ary by —ay  ay by —ap (bhay — braz)
or
T = 2 -1 (17)
T wmby—ar o (a1 — by)

This completes the proof of lemma 1.

Remark 2: To help the reader easy to understand the main
idea of the presented control method, the proof of lemma 1 is
given from Eq. (10) to Eq. (17). For such a scalar function of
time in format of Eq. (8), the variable of that equation can go
back to the equivalent point after a predefined time such as in
Eq. (17).

2) LINEAR MATRIX INEQUALITY
Definition 2: LMI in [34]. Consider the system
x(t) = Ax(¢) (18)

where x is state and A is an approximated matrix of x. System
(18) is called LMI stable if there exists a positive matrix P that
satisfies

ATP+PA <0 (19)

This paper used the vertical area to find the eigenvalues of the
system state errors. The vertical area is referred to as

V={zeC:fu(z) <0} (20)
where
M)=a+zb+7zb (21)

The V area can be shown as follows:
Lemma 2: For eigenvalues of (18) located in the V area,
the eigenvalues of A satisfy —b < eig(A) < —a which can
be represented as follows:
[ATP+PA+2aP <0

22
ATP+PA+2bP >0 @2)
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Proof: The Lyapunov candidates for system (18) are
selected as follows:

V(x)=x!Px (23)
Taking the derivative of both sides of Eq. (23) yields
V) =x"Px +xTPx
= xTATPx + xT PAx

=xT(ATP + PA)x (24)
Vx) <0 and —b < eig(A) < —a (25)
T
At Ia)TP +PA+1Ia) <0 26)
A+10)'P+PA+1b)>0
or

ATP+ PA+2aP <0
T (27)

ATP+PA+2bP >0

This completes the proof of lemma 2.

Remark 3: Lemma 2 is used to define the observer gains
of Eq. (42), where the states observer gains are placed in the
LMI region.

3) STATE OBSERVER

Definition 3: DO-based state observer error.

To show the DO for this state observer error-based system,
the state-space equation is as follows:

[X:AX+Bu+Dd

y=CX 28)

where X € R™*" is the state vector, ¥ € RF*" is the system
output vector, A € R™"™ B € R"*P, C € RKXm and D €
R™ 4 are the approximated matrices of states, control input,
and perturbations vectors, respectively, and u € RP*™ is the
control input vector. System (28) can work if the disturbance
and uncertainty are bounded assumedly as |d| < «, where «
is positively defined. The estimated system of the (28) can be
designed as follows:

X =AX + Bu+Dd - LC (X —5()
$=CX
where L is the gain of tlze state observer, which need to be
defined by the designer. d is the estimated disturbance. First,

consider the case of no disturbance effects on the system (28).
The state error can be represented as

éx = (A + LC)ex (30)

(29)

where ex = X — X. By applying the LMI toolbox, the
observer gain L is found with

[(A+LC)TP+P(A+LC)+2aP<O

31
A+LC)'P+PA+LC)+2bP >0 6D

where P, a, b are positively defined. These a and b are the
values of the gap of the LMI condition. The eigenvalues of
the Eq. (30) will optimally found by using the MALAB code
function with the command of LMI solver.
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FIGURE 2. Vertical LMI region.
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Voltage loop [Via:Vigl"

(b)

FIGURE 3. Diagram of the proposed algorithms for three-phase
three-level T-type inverter.

4) DISTURBANCE OBSERVER
Herein, the concept of DOB in [36] is reused to design the
DO for the inverter system. The disturbance also needs to be

estimated exactly, starting from the system of equations (28)
and (29) lead to:

X — Bu—Dd = AX
; (32)

X:AX+Bu+D£i—Lc(X—5()
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TABLE 2. Simulation parameters.

Parameters Value
DC bus voltage 600V
Output voltage 380V/50Hz
Switching frequency 10kHz
LC filter ImH/20pF
DC-link capacitor 940uF
Load 9.68Q
TABLE 3. Control parameters.
Parameters Value

1=-2500, = p; = p,=0.0005,
4=3000, ¢;=4, ¢;=5, d;=5,
d=4
L=-10000, x= p, = p,=0.0005,
7=10000, c,;=4, =6, d,=6,

Voltage loop

Current loop

Output voltage & vab [V]

001 002 003 004 005 006 007  0.08
(@

Load current [A]

Vel & Ve2 [V]
w
3

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time (s
s (s)

FIGURE 4. Simulated steady-state responses of (V 5, Vi, Vic): Vabs (iLar
iLbs i), and (V¢q, Vcp) under linear load.

Subtracting the two sides of the equations in the system of
equations (32) yields

X —X—Bu-Dd
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Fundamental (50Hz) = 310.8 , THD= 0.44%

01 1

0.05 g

Mag (% of Fundamental)

o —salallas
0 5 10 15 20 25 30 35 40
Harmonic order
FIGURE 5. Three-phase load voltage FFT analysis under linear load.
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=
o
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[4)]

g-axis voltage [V]
] o

4L
=)
:
!

0.01 0.015 0.02

<}
°
o
S
a

n
o

—Estimated —Measured

0 0.005 0.01 0.015 0.02

\—Estimated —Measured

o

N WA
o o

=y

d-axis current [A]
o o

N

o

g-axis current [A]

'
N
T
I

0 0.005 0.01 0.015 0.02

FIGURE 6. Reference, estimated and measured d-axis and g-axis voltage
and current under linear load.

=AX_A)%—BM—D£1+LC(X—)?) (33)
:(X—};()—Dd—i—D&’:(A—i-LC)(X—}A() (34)

:>(X—;?)—Dd=(A+LC)(X—5() (35)
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FIGURE 7. Error and differential error d-axis and g-axis voltage and
current.

But ey = X—-X—>0andDisa square matrix, so we have:

d=-D""(A+LC) (X - X) (36)
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Output voltage & vab [V]
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—iLa

Load current [A]
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0.01 002 003 004 005 006 007 008
(b)

Vel & Ve2 [V]

FIGURE 8. Simulated steady-state responses of (v 5, Vb, Vic): Vabr (iLar
iLbs iLc)r and (V¢q, Vo) under load changes.
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5 |
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d-axis voltage [V]
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200 = ; , | -
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o2}
o
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40- 1

d-axis current [A]

N
o
|

0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

FIGURE 9. Reference, estimated and measured d-axis voltage and current
under load changes.

where d = d — d leads to

d=-p! [(A +1O) (x - X) - DEJ] 37)

Like the SOB stage, to estimate the noise accurately, d=d—
d — 0. To satisfy this, we choose the following convergence

62097



IEEE Access

A.T. Duong et al.: DOB Based on FT SMC and Optimal State Observer for TPTL T-Type Inverters

Output voltage & vab [V]
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Load current [A]
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o (4]
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(b)
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5200/ i \/
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FIGURE 10. Simulated steady-state responses of (v 5, Vi, Vic): Vabr (iLar
iLps i ) and (V¢q, Vp) under unbalanced load.
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zzf"\ yay
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S U
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FIGURE 11. Reference, estimated and measured d-axis voltage and
current under unbalanced load.

law:

3=_K/a (38)
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Output voltage & vab [V]
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FIGURE 12. Simulated steady-state responses of (Vi 5, Vip: Vic): Vabr (iLar
iLb: i) and (V¢q, Vz) under nonlinear load.
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FIGURE 13. Reference, estimated and measured d-axis voltage and
current under nonlinear load.

where: « is a positive number.
=d=d+« / d (39)

The stability of the DOB has also been demonstrated in detail
in [36]
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FIGURE 14. Three-phase load voltage FFT analysis under unbalanced
load.
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FIGURE 15. Three-phase load voltage FFT analysis under nonlinear load.
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FIGURE 16. Simulated steady-state responses of (Vi 5, Vb, Vic): Vabr (iLar
irbs i), and (V¢q, Vp) when the exact system parameters are unknown.

Remark 4: The information of d in Eq. (39) can be
obtained by using Eq. (36) with the subtraction of the esti-
mated disturbance.
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FIGURE 17. Reference, estimated and measured d-axis and q-axis voltage
and current when the exact system parameters are unknown (Design:
La=Lb=Lc=Lreality:La=1.1*L Lb=L Lc=09*L).
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FIGURE 18. Three-phase load voltage FFT analysis when the system
parameters are not known exactly.

IV. PROPOSED APPROACH

This section shows the application of the proposed controller
for the three-phase three-level T'-type inverter. First, state and
disturbance observers are designed for the T-type inverter.
Then, the FTSMC is designed with full states feedback for
controlling the system.

Remark 5: This paper uses a cascade control structure
consisting of two control loops: the inner loop is a current
control system, and the outer loop is a voltage control system.
Both loops will be designed with the same architecture. In this
section, the X values will represent X; and X3, the A values
will represent A1 and A3, the B values will represent By and
B>, the d values will represent di and d», and the u values
will represent u; and up. With Ay, A», By, By, dy, dy, ug, and
up are mentioned in section III.

A. DISTURBANCE OBSERVER FOR TPTL T-TYPE INVERTER
The TPTL T-type inverter with fully disturbance is rewritten
by

X = A+ AA)X + B+ ABu+ Dd

b cx (40)
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FIGURE 19. Simulated steady-state responses of (v 5, Vb, Vic): Vabs (iLar
iLbs i) and (V¢q, Vcp) under linear load and Pl controller.

()]
=

Vel & Ve2 [V]
w w
3

N
©
(9]

Fundamental (50Hz) = 310.9, THD=0.61%

=
=

=
=1
&)

Mag (% of Fundamental)

o

0 5 10 15 20 25 30 35 40
Harmonic order
FIGURE 20. Three-phase load voltage FFT analysis under linear load and
PI controller.

To easily obtain the information of the perturbations, these
terms should be grouped as one term AA-X +AB-u+Dd =
E-l

System (40) can be written as follows:

(41

X=AX+Bu+E.I
y=CX

Remark 6: Matrix E should be identity defined. The vari-
ations of these parameters are unknown.

X =AX +Bu+El— C(X—f()
j=CX (42)
i

:l—l—/{/i

Remark 7: The estimated disturbance was used to com-
pensate the disturbance of the three-phase three-level T-type
inverter via the control input channel.
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FIGURE 21. Simulated steady-state responses of (v 5, Vb, Vic): Vabs (iLar
iLbs iLc) under load changed and PI controller.
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FIGURE 22. Simulated steady-state responses of (v 5, Vi p, Vi), Vap Under
unbalanced load and Pl controller.

Output voltage & vab [V]

FIGURE 23. Simulated steady-state responses of (v 5, Vi p. V). Vap Under
nonlinear load and Pl controller.

B. STATE OBSERVER FOR THREE-PHASE THREE-LEVEL
T-TYPE INVERTER

By combining of system (41) and (42), the tracking error
equation can be modeled as follows:

)’(-)?:A(X—f()+E(l—2)+Lc(X—f()

) N (43)
y—y=0C (X - X)

= éX = AeX + LCeX (44)

=éx =(A+LC)ex (45)

A

where e, =X — X
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FIGURE 24. Three-phase load voltage FFT analysis under nonlinear load
and PI controller.

Output voltage & vab [V]

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

FIGURE 25. Simulated steady-state responses of (v 5, Vi p: V). Vap Under
Pl controller when the exact system parameters are unknown.
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FIGURE 26. Three-phase load voltage FFT analysis under PI controller
when the exact system parameters are unknown.
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FIGURE 27. The experiment environment.

By applying the LMI to solve the stability of Eq. (45) to
obtain the gains of state observer.
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C. FTSMC FOR THE TPTL T-TYPE INVERTER
To archive the FT of the reaching phase, the SMC surface is
proposed as follows:

t
s=e+ﬂ,/e(r)dr (46)
0
where A is positively defined, e = X, — X , X, is reference
input.
Differentiating for Eq. (46) yields

s=e+A-e 47)

With § = 0, combined with the Eq. (42) lead to
X,:A)2+BM+E?—LC(X—)2)—M (48)
= ey = (B"B)'B" [X, _AX —El-LC (X - )2)+)Le]
(49)

To get the FT stability, the switching value is designed as
i 2

tgwj = pij|sj| " sign (5) + pa || sign (s;)  (50)
where py; and p; are the switching gains, which are used such
the force value of the sliding mode control. ¢y, ¢2;, d1; and dy;
are the real number, these value is used such as the operation
order of the reaching law These mentions values need to be
positively defined.

D. STABILITY OF THE PROPOSED METHODS
Lyapunov candidate is selected as follows:

SR P
V(s d) = 557 + 517 (51)

where s; is the surface of sliding mode for d and g axes off
voltage and current loops. Differentiating of both sides of Eq.
(51) yields

V(sj, dj) = s;5; + Ijl; (52)

Combining Egs. (47), (50), and (51), the system in the first
time without disturbance effect.

V (5) = =57 -1y |5 sign (s;) + oy [5j] ™ sign (5;) < 0
(53)
By using lemma 1, the settling time for the reaching phase
is then the FT stability. The general settling time can be
represented as follows:
1 dyj i dyj
pijcij—di; P2 o — dy;
The system with fully embedded DO will leads the settling
time is as follows.

T; < Thmaxj = (54)

1 dy 1 dy 10
— Y i 1O s,
pij cij — dij K

The structure of the proposed control system is shown in
Figure 3.

Tj < Tmax_all = -
02j €25 — d;
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Remark 8: The control parameters selection are the main
effected factors of the control output performances. Herein,
the LMI was used to obtain the gains of state observer.

The details of the proposed control algorithms for the
TPTL T-type inverter is represented in the above Figure 3.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS

Simulation is implemented by using MATLAB software. The
simulation parameters are given in Table 2.

First, the parameters of the components of the T-type
inverter for the simulation study are listed in the Table 2
below.

The control gains for the simulation study are selected such
as in the Table 3 below.

Fig. 4 shows the simulated steady-state responses of load
voltage (viq, Vb, VLc), line current (iz,, irp, irc), line-to-line
voltage between phase a and phase b (v,p), and capacitor
voltage (V.1, V¢2) under a 9.68 (2) resistive load. In Fig. 4
(a), line-to-line voltage v, has the form of 5 levels, the same
as the theory. Fig. 4 (c) shows that the neutral point voltage
balancing is only 4.5V (about 0.9% of Vpc).

62102

The FFT analysis of load voltage is shown in Fig. 5.

To show the superior of the sliding mode control, the phase
plane of each given output are shown in Figure 7. There are
the aims to show the reduced chattering phenomenon of used
sliding mode controller.

The THD of the load voltage of the proposed controller is
0.44% (<5%, according to IEEE 519-2014 standard). Fig. 8
shows the dynamic responses of load voltage, load current,
capacitor voltage (V¢1, V2) for an abrupt change in the load
resistance from 9.68<2 to 5.808€2. As shown in Figs. 8 (a)
and (b), the load voltage and load current exhibit very fast
response to this load change so as to track their references.
The voltage value on the load always follows the set value
(220V RMS).

The capacitor voltage V.1 and V., are always balanced
during the process, as shown in Fig. 8 (c). Figs. 10 and
12 showed the simulation results under the conditions of
unbalanced load, there are two-phase load were used together
with nonlinear load. Fig. 10 shows system response with
unbalanced load, where the load current is unbalanced but
the load voltage is still balanced and THD is 0.6%, which is
shown in the Fig. 14. In the case of nonlinear load in Figs. 12
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FIGURE 29. Experimental steady-state responses of (v, vip, v ¢) and
(iLas iLbs i c) under load changes.

and 15, the load current is nonsinusoidal, however the load
voltage is sinusoidal and THD is 1.17%.

Fig. 16 shows simulation results with the assumption that
the exact system parameters are not unknown. The variations
were used are as follows: L, = 90%. L, Ly, = L and L, =
110%. L, with L in Table 2). The load voltage and load current
are still balanced and THD is 0.46% in Fig 18. Figs 6, 9, 11,
13 and 17 show the estimated and measured of the signals like
d-axis voltage or current, which show that the SOB is working
well. Figs. 4 to 18 show the simulation results of proposed
controller under the conditions of balanced load, unbalanced
load, load change, nonlinear load, and unknown system
parameters. All of cases give sinusoidal voltage, three-phase
balance, THD < 5%, the capacitor voltage V. and Vo
are always balanced. It proves that the proposed controller
always works well with any kind of load or disturbance.
To demonstrate the effectiveness of the proposed controller, a
comparison is made with a PI controller. The outputs of the PI
controller are shown in the Figures 19-26 below. The PI gains
were selected by experience. The PI controller cannot reject
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TABLE 4. Compare the proposed controller and Pl controller.

Proposed controller PI controller

Case
THD Capacitor THD Capacitor
voltage voltage

Linear load 0.44%  Balancing  0.61% Balancing
Unbalanced load ~ 0.60%  Balancing >5% Unbalancing
Nonlinear load 1.17%  Balancing  22.11%  Unbalancing

System parameters
are not known 0.46%  Balancing 1.4% Balancing
exactly
Load changes Fast dynamic Slow dynamic

response response

the variation of inner and outer factors such as the uncertainty
and disturbance due to the reason of that the PI is linear con-
troller of error signal, which is the courses of the amplify the
disturbance.

Figs. 19 to 26 show the simulation results under PI con-
troller. The PI controller parameters for the voltage and
current loop are selected as follows: Kj,, = 0.056, K;,, = 80,
Kyc = 14, K;c = 100000. Figs. 19 and 20 show capacitor
voltage (V,1, V2), load voltage and current, and THD. The
voltage difference between V.| and V., is up to 8 V and THD
is 0.61%, these values are much higher than the proposed
controller use case. The dynamic responses of load voltage,
load current under PI controller is shown in Figs. 20 and
21. Obviously, response speed of the proposed controller is
many times faster than that of the PI controller. In particular,
the PI controller gives bad control quality when the load is
unbalanced, or the load is nonlinear. The system loses control
when the load is unbalanced in Fig. 22. When the load is
non-linear, THD is up to 22.11% such as in the Figs. 23 and
24. This value exceeds the allowable threshold in IEEE 519-
2014 standard. The THD value of the output voltage when
using PI controller is also affected if the system parameters
are not known exactly. The unknown variations were used
such as follows: L, = 90%. L, Ly, = L, and L. = 110%.
L, with L in Table 2 Then, THD is 1.4 % as in Fig. 26 while
using proposed controller is only 0.46% as in Fig. 18. The
comparison results between the proposed controller and PI
controller are shown in Table 4. From the comparison results,
the proposed controller is superior to the PI controller in all
aspects.

B. EXPERIMENTAL RESULTS
The theory and test simulation results have been given
in the above sections. The parameters of the compo-
nents of the T-type inverter are listed in the Table 5
below.

The reason of difference between simulation and experi-
ment is that the simulation is ideal and unlimited source of
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FIGURE 30. Experimental steady-state responses of (v 5, Vip, Vic)r (iLas iLbr iLc) (Ve1: V2) and THD under unbalanced load.

TABLE 5. Experimental parameters.

Parameters Value
DC bus voltage 168V
Output voltage 112V/50Hz

Switching frequency 10kHz
LC filter 0.8mH/20pF
DC-link capacitor 940uF
Load 64Q

devices. The experimental study is given based on the real
facilities and application. The experimental setup is shown in
Figure 27 below.

In the experiment, the devices are all displayed in the
Figure 27. Where the system uses card F28379D, a TPTL
T-type inverter, LC filter, R load and two DC power sup-
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ply GWINSTEK PSW 80-40.5, which was used as the
primary/secondary to obtain the large scale of supplied volt-
age source. To show the output voltage, the GW INSTEK
GDS-2104A Digital Oscilloscopes (100Mhz, 4 CH, 2Gsa/s)
was used. The Code Composer Studio with the version
12.2.0 was employed to implement the control algorithm.
The computer with properties of Window 10, system type is
64bit, RAM 20GB, and core(TM) i5-8265U was used to write
code for the microprocessor. The prototype of the experiment
is shown in Fig. 27. Experimental scenarios are the same
as simulation, where the balanced load, unbalanced load,
load changes, nonlinear load or system parameters are not
exactly known are all same with it in the simulation study.
The experimental study results are shown below. Fig. 28
shows the experimental results under conditions of balanced
load and load changes. In Fig. 28, both load voltage and
load current are sinusoidal. The voltage value always follows
the set value as 92V. The capacitor voltage V.| and Vy
always balanced, and the maximum deviation is only about
4V. The .CSV file of the results is used to analyze THD on
MATLAB/Simulink, THD is only 2.83%, which is shown in
Fig. 28(d).
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FIGURE 31. Experimental steady-state responses of (v 5, Vip, Vi) (iLar iLbs iLc): (Vc1: Ve2) and THD under nonlinear load.

The dynamic response of the system when the load changes
from 32Q to 64Q2 is shown in Fig. 29. The load cur-
rents exhibit a very fast response to this load change to
track their references. The load voltages always follow the
set value.

In Fig. 30, the results under an unbalanced load of two
phases as 32 Q and the other phase 642 is shown. Same
as the simulation results, the load current is unbalanced
but the load voltage is still balanced and THD is 2.55% in
Fig. 30(d).

True to theory and simulation, the experimental system
under the proposed controller completely gives good results
with cases of nonlinear load (Fig. 31) or unknown system
parameters in Fig. 32. Under nonlinear load, THD is 3.34%
in Fig. 31(d) and when unknown system parameters, THD
is 3.03% in Fig. 32. Figs. 28 to 32 shows the feasibility of
the controller when applied to a real-time system. The load
voltages always are sinusoidal, and the frequency reaches
50Hz, as designed. It should be noted that the voltage value
has a small error due to the use of deadtime or the error of the
measuring device. The load current is measured by a current
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sensor with an external resistance, so the magnitude value
will be exponentially proportional. THD value is always less
than 5%.

VI. CONCLUSION

This paper proposed a novel DOB for estimating the
unwanted uncertain values and disturbances of the TPTL
T-type inverter. The proposed DOB provided the finite-
time convergent speed. The first derivative disturbance and
fixed format requirement of the disturbance were completely
removed. Furthermore, the FTSMC was provided to control
the voltage and current of the T-type inverter, which helps the
output of each subsystem converge to the predefined signal in
a fixed time. The dependence of initial states was removed.
To show the power and effectiveness of the proposed method,
the stability of the proposed controller is proven mathemat-
ically. Furthermore, to support the validity of the proposed
controller, the simulation and experiment has been carried
out. The results demonstrated that the proposed controller
give the good performances for output voltage such as fast
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FIGURE 32. Experimental steady-state responses of (v, Vip, Vic): (iLar iLbs iLc)s (Vc1- Ve2) and THD when the system parameters are not known

exactly.

dynamic, low THD under various conditions such as change
of load, unbalanced load, nonlinear load, balanced load with
the presence of system uncertainties, the capacitor voltages is
always balanced.
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