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ABSTRACT This article is concerned with the design of a finite-time disturbance-observer-based integral
terminal sliding mode controller for the effective performance of three-phase synchronous rectifiers. The
proposed control technique is developed based on the conventional synchronous reference frame model of
the three-phase grid-connected converter, and the system dynamics is described in terms of a time-varying
non-linear state equation. The variation of DC-load is considered as a disturbance. Therefore, a combination
of a fast disturbance observer and an integral terminal sliding mode controller is utilized to produce the
reference value of the direct axis for the current control loop. In this research, by employing Lyapunov
stability theorem in the theoretical analysis and by numerical simulations, it is confirmed that the proposed
closed-loop system is stable and the states converge to desired values in finite time even in the presence
of load disturbance and control input saturation. The integral terminal sliding mode controller is utilized
to maintain a robust performance along with a faster response of the converter. In order to demonstrate the
performance ability of the proposed control scheme under real condition, an AC power source, impregnated
with low order harmonics, is assumed. A real-time laboratory setup of the synchronous rectifier has been
developed successfully, and the effective performance of the proposed control technique is fully proven.

INDEX TERMS AC-DC power converters, disturbance observer, integral terminal sliding mode controller.

I. INTRODUCTION

There is a vast area of applications for synchronous three-
phase rectifier (SR) in the industrial world such as regener-
ative motor drives, industrial DC power supplies, common
DC bus for multiple drives, and DC traction systems. This
type of converter, as a bidirectional power flow controller,
is prevalent in the renewable energy market as well. There
are three famous reference frames for modeling and con-
trol of synchronous converters, natural (abc), rotational («8)
and stationary (dq). All the advanced control techniques are
defined based on one of these frames, which all of them are
reviewed in [1]. Each one of three-phase currents is controlled
individually in abc frame. Generally, direct control of three
AC currents can be done in two ways, using a hysteresis
modulator (with variable and high switching frequency) or
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converting sinusoidal current waveforms into voltage type
through a proportional resonant controller (PR) for applying
to the voltage source converter. However, in [2] the authors
have tried to control a four-wire converter in the natural frame
to keep the voltage of neutral point stable, due to unbal-
ance and non-linear lodes through the High Order Integral
Terminal (HOIT) technique. Using the stationary reference
frame («f) is the second well-known control technique for
SR [3], [4]. In this type of controller, all the AC side’s
currents are transformed into the stationary reference frame
through abc to «f transform. Because of the sinusoidal nature
of currents in the o frame, the conventional Proportional
Integral (PI) controller is not capable of compensating the
steady-state error. Therefore, employment of a higher-order
controller like PR is necessary. In [5], a capacitor optimiza-
tion along with a ripple compensation technique for DC
voltage of SR is proposed based on 8 theory in unbalanced
networks. A direct power control strategy in the o8 frame for
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three-phase voltage-source rectifiers based on extended-state
observation is discussed in [6]. However, the stationary refer-
ence frame model is utilized along with the PR controller. The
main concern of the PR controller is tracking the fundamental
signal in the presence of low order harmonics because of the
difficulty of tuning the resonant parameter in polluted AC
waveforms.

The third model for SR introduced in the synchronous
rotational reference frame (dg), to avoid using PR controller.
Because of working with DC values, this is a popular con-
troller for SR [7]-[17], modeling and control of power con-
verters in microgrids have been investigated in [7], and a
droop control technique is proposed for active power flow
control of converters based on multiple PI controller loops
in dg frame. A combination of fuzzy-model-based control
and adaptive sliding mode technique has been proposed for
the uncertain estimation of a three-phase AC/DC converter
in [8]. One of the drawbacks of this method is convergence
time. Conventional sliding modes do not assure finite-time
convergence. Also, this method does not possess disturbances
observer and may not show appropriate performance in uncer-
tain conditions. Controller of parallel three-phase PWM con-
verters under generalized unbalanced operating conditions
is developed in dg frame in [9]. The authors found a solu-
tion for reducing the amount of zero and negative sequence
currents due to the unbalance voltage source. An algorithm
for predictive duty cycle control of three-phase active rec-
tifiers has been established in [10]. This technique works
by defining an optimization problem. Optimized duty cycles
will be obtained by solving the cost function that is defined
in the dg frame. The lack of stability analysis is the main
challenge of this technique. A sensorless control method
is discussed in [11] for a three-phase voltage source recti-
fier by designing a linear observer for load current along
with a feedforward control scheme. For tracking the fast
dynamics in the grid-connected converter, utilizing a slid-
ing mode controller is proposed in [12], whereas a paral-
lel integrator is required to eliminate the steady-state error.
A current-controlled voltage-mode scheme for distributed
energy resource units based on sliding-mode control (SMC)
for outer loop and an adaptive terminal sliding mode con-
trol in hybrid grid-connected converters involve solar PV
and wind systems strategy are proposed in [13] and [14]
respectively, with no attention to the stability in the finite
time and the presence of saturation. A new approach for
control of three-phase SR is proposed in [15], [16], which
relies on an extended state observer (ESO)-based second-
order sliding mode (SOSM). In this method, two control
loops for voltage regulation (outer loop) and instantaneous
power tracking (inner loop) are considered. The outer loop
is a combination of an Hoo controller and ESO, whereas in
the inner loop, SOSM is employed to tune active and reactive
power.

There is a wide range of uncertainties in power elec-
tronics converters, including the active and passive param-
eters, inherent delay of measuring and filtering, estimated
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frequency and phase by PLL, inevitable switching dead
time and load disturbances. In order to implement a mod-
ern control for a power converter, an effective observer is
required to estimate the uncertainty of parameters and dis-
turbances together. Disturbance-observer (DO) mechanism
is employed to estimate the total disturbance [17]-[22].
The disturbance observer and terminal sliding mode con-
troller (TSMC) have been developed for tracking control of
an uncertain and non-linear system with unknown external
disturbance in [23]-[25]. An offset-free model predictive
control (MPC) algorithm using a DO to control the power
flow of a three-phase SR is developed in [24] in which, a lin-
ear observer is designed according to standard Luenberger
procedure. The Grid-side converter of a wind generation
system is controlled by an evolved form of TSM controller
in [25]. In this paper, a conventional PI controller produces
the desired active power and corresponding currents (in o8
frame) for tracking DC voltage, and two loops of Integral
Terminal Sliding Mode controllers (ITSMC) are utilized to
generate the desired voltage values in o8 coordinate.

Various types of control methods for SR have been sur-

veyed where the output of the control process in power
converter usually is a time-variant rotational vector. This
vector is indicated by a modulation index () as amplitude,
and a power angle (§), which are limited parameters, and
conventional controllers do not have any sense of instability
conditions by these limited (saturated) values. This problem
can be severe when using consecutive control loops. Among
the modern control methods for SR, application of observer-
based control techniques along with sliding mode control
is known as a robust and more effective solution. From the
stability viewpoint, the Lyapunov-based control methods are
asymptotically stable, and the steady-state tracking error will
be zero in infinite time. The proposed ITSMC method is
the main contribution of this paper for the rotating reference
frame along with employing disturbance-observer to estimate
DC link current. It is mathematically proven that the distur-
bance approximation error converges to zero in a finite time
which is a new concept in error tracking in three-phase bidi-
rectional power converters. The objective of the present study
is to improve the proposed method in previous investigations.
Advantages of the scheme, proposed in this manuscript, com-
pared to conventional controllers, are listed as:

o The stability of the closed-loop system in the presence
of control input saturation. In real-world applications,
bounds must be considered for control force. In the pro-
posed controller, using control input saturation, the lim-
itation in the actuators is considered for a three-phase
synchronous rectifier. The proposed Lyapunov stability
theorem of the disturbance-observer-based TSMC guar-
antees the stability of the control system.

o Compared to the conventional sliding mode control, the
proposed control scheme guarantees the control of the
system in the finite time.

o (SMC) generates chattering for uncertain systems due
to the presence of sign function in the control input.
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Consequently, the chattering causes vibrations in the
system because it takes time to converge to the sliding
surface. In the present control scheme (ITSMC), how-
ever, the disturbance observer will estimate the uncer-
tainties and disturbances. Hence, the chattering in the
system will be reduced.

After the introduction, modeling of the SR in both steady-
state phasor based and synchronous rotating reference frames
along with conventional control loops is explained. In the
third part, the theory of ITSMC and DO is developed, and
details of controller design are explained. All the simulation
and experimental results are compared and presented in the
fourth section.

V. E

s 28 Jlabe £0
r|| c==v,,
- r{jwL

3pn Converter 3p, Source

FIGURE 1. Single line diagram of synchronous rectifier.

Il. MODELING OF THE SYNCHRONOUS RECTIFIER

A general single line diagram of the synchronous rectifier
is shown in Fig. 1. A three-phase voltage source converter
is connected to a three-phase source through an interface
inductance. The three-phase source could be considered as
a THEVENIN equivalent of a network in which series equiv-
alent impedance is merged in interface inductance. DC side
consists of a capacitor bank in parallel with a resistive load.

A. COMPLEX POWER FLOW

To have a better understanding of the concept of power flow
between converter and network a complex power flow study
is required. By assuming an ideal programmable voltage
source instead of a real converter in Fig. 1, a single-phase
equivalent circuit is drawn in Fig. 2.

Van.c'o‘ Iy EanAO

oy
- X -

Ideal programmable 3pn Source
Voltage-source

FIGURE 2. Single-phase equivalent circuit of the ideal power converter.

Van and E,;, are the per phase RMS values of converter and
network voltages, respectively, while the resistor of interface
inductance is ignored. The three-phase complex power at
converter terminal is defined as:

S3p = 3Vanl; = P+ jO @)
Through a Kirchhoff voltage law, the current equation can
be written as:
_ Vanl £8” — |E ) LO°
1X]£90°

@

a
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By substituting 1, in (1) and separating real and imaginary
parts, active and reactive components of complex power are
obtained in:

P = 3% sin §
|Ean |Van] [Eanl? )
Q=3———cosé6 —3——
X1 X

This is a very useful equation for justifying the behaviour
of every possible application for a three-phase grid-connected
converter with respect to the AC network. In this project,
SR application is considered while the ideal value for
exchanged reactive power is zero (Q = 0). By considering
a fixed value for E,;, in (3), the trace of V,, on E,, must
be equal to E,, to meet the zero reactive power condition,
|Van| cos &6 = |E,,|. Subsequently, the vertical trace of V,,
is assigned to control the amount of active power, P

|Van| sin 8. Figure. 3 illustrates the mentioned conditions.

FIGURE 3. Phasor diagram of zero reactive power condition.

In voltage source converters, V,, is produced by multi-
plying the modulation index (0 < m < 1) in DC voltage
Vae), V3 Van = mVy./ /2. It means, by controlling m and
power angle (8) it is possible to keep the reactive power at zero
while exchanging active power. However, it should be noted
that both § and m, as control actuators, are limited values
with respect to exchanged active power. By considering the
maximum value for modulation index (m = 1), the minimum
allowed value for V4. and maximum permitted value for &,
respect to the amount of active power, are obtained from (4).

0 = |Vanlcos§ — |Egyl

Eul |V,
P = 3M sin 8
X
V3V = mVae /2
Smax= tan~! ( PX )
mz] max — 3Ea2n
2P%X2 )
Videmin = 3E2 + 6E§n

This is an important equation, which indicates the crite-
ria of stable and feasible operation of the converter. As an
example, for X= 0.5€2 and E,, = 23V the profile of Vy._in
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and &4 respect to exchanged active power (£5kW) are
illustrated in Fig. 4.

DC Voltage

] ] ] ] ] ] ] ] ]
-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000
(a) Active Power (W)

s
S
T

N
S
T

Power Angle (degree)
&
5 o
T

A
3

60 L L L L . L . L L
-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000
(b) Active Power (W)

FIGURE 4. Profile of V4c_min (a) and §max (b) respect to exchanged active
power.

B. DYNAMIC MODEL AND CONTROL OF SR

By considering all the AC side parameters of SR in Fig. 1,
a set of per-phase differential equations can be written as (5)
in abc frame, which they have sinusoidal time-variation.

diahc

L dt abe — Vabe (5)

+ Frighe =

By applying abc/dg transform (6) and changing the rota-
tional reference frame in (5), two stationary and orthogonal
equations with dc components are appeared in (7).

2 —1 —1
|:x,1] _ |: cos wt sina)t:| 3 3 3
x| |-sinot coser ||, L -1
V3 V3
Xa
x | xp (6)
Xe

: diy )
Eq=Vq+rig+L—— — Loig,
dj” 7

E, = V4 +rig +Ld—f + Lwiy

where, w is the frequency of the AC power network, which
is extracted from the Phase Locked Loop (PLL). The abc/dq
transform is here to emphasize the important role of the PLL
to extracting the instantaneous phase angle. In almost all
articles, it is assumed that the phase value is ideally available
without any uncertainty. Indeed, wt must be considered as an
impregnated signal with unknown disturbance. The definition
of active power in the dg frame is changed to (8). By ignoring
converter losses, the AC side active power is equal to the
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DC side:
3 . .
P= 3 (Vaia + Vqig) = Vaclac (8)

The differential equation of the DC side (9) is obtained
through a simple current law at DC point.
Wae |, Vae

dt R

lie =C ©))
Assuming a balanced three-phase source as reference leads
to having only the direct axis component of E; while the other
component is zero (E; = 0). After substituting (9) in (8),
the non-linear state-space equation (10), which describes the
dynamic behaviour of SR, can be derived from (7-9).

—r —Vu
_ @ 4
. L L
d l_d —r V4
— i | = —w _ 4
|y L L
de 3V 3v, —1
2CV4  2CVg RC

. 1

1 -

X ¥ L

iq |+ 09 |Ea (10)
Ve 0
d

FIGURE 5. Vector diagram between the terminal voltage of converter and
power network in dq frame.

During the transformation from abc to dg the power angle
8 remains intact and is transferred without changing. This
concept is illustrated in Fig. 5, while the range of Vg is
indicated by solid lines and dashed line, is the desired DC
voltage. In other words, the voltage decomposition in the
converter terminal (V4 and V,) is written as:

mVge
Vi = cos d
V3 1
mVy, (1D
Vg = sin §
V3

By replacing (11) in (10), a new state-space equation is
appeared (12). Both m and § are considered as control inputs
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IEEE Access

B. Eskandari et al.: Finite-Time Disturbance-Observer-Based Integral Terminal Sliding Mode Controller

of the system; thus, the new equation is non-linear and time-
variant.

—r —mcos §
- » eacdd
; L V3L
d| 4 —r —msiné
QE— frd —a) — —
dr ‘7 L V3L
de V3mcos§  ~/3msiné -1
2C 2C RC
. 1
ig T
< | g |+ 5B (2
Vdc 0
W,
E 3ph — [ *=
ah%c PI]_).L wt q 0 wt
AN \£ , .
Iabc ey Digts ety V) J §
s ) 2
(o TG 7y g
* i V., m|e
Ve o[PS |5
Vdc wt—y Vdc o
Eabc ,300 Ed
b_Ov

FIGURE 6. Classic controller based on three Pl regulator applicable for SR.

There are three main objectives for controller design for
SR: Tracking desired DC voltage (V) while supplying the
demanded active power and reducing the reactive power to
zero. A classic control technique based on PI regulator sat-
isfies each one of the objectives through three PI controller
loops. The detailed structure of the PI-based controller is
depicted in Fig. 6. First of all, instantaneous values of E,,. are
delivered to the PLL block to extracting the online frequency
(w) and phase (wt) values of the power network. All the
measured three-phase currents (I,5.) are transformed into the
rotational reference frame (/; & ;). This transformation is
done for E . to E; as well. Tracking the DC voltage is the
main part of the control system, and the first PI produces
the desired value of direct access current (I}) from AV,
error signal. Naturally, / ; is zero to have only active com-
ponent. The remained part of the control scheme comes from
(7), where the target is to produce two compensator phrases
(AVy4 and AV,) to generate the correct values of Vy and V.

Vi = Lwig +Eg — AVy

. (13)
V4 = —Lwig — AV,

The pulse width modulator for driving the converter needs
to receive m and wt + §, which after calculation of Vy
and V, can be generated from (11). Both of m and § are
bounded values (0< m <1 and |§| < 900), and it must be
considered in control loops. Also, the output of the voltage
control loop (I7) is considered a bounded value as well,
due to the nominal limitation of the converter’s structure.
Therefore by increasing the coefficients of PI controllers
(Kp and Kj), to have a faster response, the system will be
saturated. To illustrate this, a series of detailed simulations
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TABLE 1. Simulation parameters.

Item Value
Ean (V) 23
X () @sonz 0.5
r Q) 0.1
R(Q) 25
C (uf) 4700
Va" (V) step change 100 - 120

have been performed in MATLAB-SIMULINK environment
according to the simulation parameters listed in Table (1).
To examine dynamic response of the controller, a step-change
in desired DC voltage has been applied in the fourth second
from 100V to 120V. The results are illustrated in Fig. 7. The
unsaturated response of the controller is shown in Fig. 7(a).

Modulation Index (0<m<1)
Degree (-90<delta<+90)

5 1 1 1 1 1 1 L

2 25 3 3.5 . 4 45 5 5.5 6
(a) time (sec)
100 T T T T T T T T T ”
§ = ‘“ ‘“
=)
2§
£g
$s
235 o
c 5
Lo
58 ‘
3
T4 50
=
100 L | | | | | 1
415 4155 416 4165 417 4175 418 4185 419 4.195 4.2
(b) time (sec)

120

10 1
Satulrated

DC Voltage
©
=3
T

Unsaturated

50 1 1 1 1 ! 1 1
0

3 4
(C) time (sec)

FIGURE 7. Simulation results of step-change in DC voltage: (a)
Unsaturated m and §, (b) Saturated m and §, (c) Vqc.

After increasing the PI coefficients by 20%, both of con-
troller outputs are saturated in Fig. 7(b). Oscillations of m and
8 between upper and lower bands are clear while there is no
significant difference between output DC voltages, Fig. 7(c).
This result shows that the PI controller has no sense of sat-
uration, and the further increase of the coefficients may lead
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to instability. Moreover, compensation of parameter uncer-
tainties and estimation of disturbances are other concerns
in a proper controller. By considering the variation of DC
load as an external disturbance in the non-linear state-space
equation (12) and including unknown uncertainties, integral
terminal sliding mode controller and disturbance-observer
concepts are raised in the next section.

IIl. CONTROLLER DESIGN
Consider the generalized form of a relative-degree-one uncer-
tain non-linear system as:

X=f ) +Af @)+ (@) +Ag () u+do (@) (14)

where x is the state of the system, f and g denote the
non-linear functions. In addition, uncertainties are shown by
Af and Ag. The external disturbance and control input are
respectively presented by dp and u. Considering all uncertain
terms and the external disturbance as a single disturbance
term d (), the equation of the system is:

X =f@+g@u+d@)
d (1) = Af (x) +Ag (x) u+ do(r) 15)

To proceed with the design of integral terminal sliding
mode control (ITSMC) for the three-phase power converter,
lemma 1 is required [26].

Lemma 1: Let V(¢) as a continuous positive definite func-
tion. If V() fulfils the following condition:

V)+0V (@) +EVE<0, Vi>1 (16)

Then as a result, V (¢) converges to the equilibrium point
in a finite time ¢:
1 PVIX (¢
ts <ty + In (to) +§ (17)
A+ x) £

where ¢ > £ >0and 0 <y < 1.

A. FAST DISTURBANCE OBSERVER
The fast disturbance-observer is applied to approximate the
unknown external loads and uncertainties. The output of the
disturbance observer is used in the control input formulation.
To design a finite time disturbance observer, the following
auxiliary variables are defined [27].

Sqg=27—X (18)
Also, the derivative of variable z is given by:
)
i=—ksq — Bsign (sa) —€sa© —|f (x)| sign (sq) + g (x) u
19)

where k and ¢ are positive and 8 > |d|. Also pp and gq are
odd positive integers and pg < go. The disturbance estimation
(d) is given by:

4 = —ksq — Bsign (sq) — £s4% — | ()] sign (sa) — f ()
(20)

VOLUME 8, 2020

According to Egs. (15), (18), and (19) we have:

Po
Sg =27— X = —ksg — Bsign (sg) — €549

—f @)Isign(sa) —f x) =d  (21)

consjdering Egs. (19) and (20), disturbance approximation
error (d) can be achieved:

d=d-d
= —ksg— Bsign (sa)—es —|f (1)]sign (s4)~f (¥) —d
— —ksy — Psign (sa) — 54 — |f (1) sign (5)
—f@)—x+f ) +g@)u
— —ksy — Bsign (s) — £54% — |f ()] sign (52)
+g(xX)u—x
=z—Xx=4sy (22)
Theorem 1: Considering the uncertain non-linear sys-
tem (14), by applying fast disturbance observer (18)-(20),
the disturbance approximation error (22) converges to zero

in the finite time.

Proof: Let the Lyapunov function as:
1,
Vi = 554 (23)

The derivative of the Lyapunov function (V) gives:

. PO
Vi = 484 = sq (—ksd — Bsign (sq) — €549

—f ) sign(sq) —f (x) —d)

P0O+40

= —ksf, — Bsasign (sq) —esqg 0 — |f (x)| sgsign (sq)
—saf (x) — sad
2 P0+-490
< —ksg — Blsal —esa 0 —|f (Ol lsal — saf (x)
2 Po+490
+Isqlld] < —ksz—esq © < —=2kV;
—2(Po+40)/240 8V1(1’0+40)/2qo (24)

Thus, according to Lemma 1 and Eq. (24), the s4 converges
to zero in the finite time. Then, as a result, s;= 0 and based
on Eq. (22), the disturbance approximation error d converges
to zero in finite time.

Remark 1: Based on the Theorem 1 and Lemma 1, the con-
vergence time of the disturbance approximation error is:

90 | (k(sd(to))(%—[’o)/%
n

tsdg < to+
=0T (o + 390) e

where 1y indicates the initial time.

+1> (25)

B. INTEGRAL TERMINAL SLIDING MODE CONTROL

The tracking error of system (14) is defined as e = x — xg4.
In this study, the integral terminal sliding surface is con-
structed as:

! )2
sdﬂ:m@%+dﬂ+a/e0ﬁm (26)
0
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To improve the robus performance of conventional sliding
mode, the integral sliding mode approach has been devel-
oped [28], [29]. Add an integral term to the sliding mode
controller results in a highly accurate control against both
parametric variations and chattering reduction [30], [31].
This way, the idea of integral sliding mode focuses on the
system robustness in the entire state space rather than only
in the sliding phase [32]. The order of the motion equation
in integral sliding mode method is equal to the dimension of
the state space. Therefore, the robustness performance can be
guaranteed through the entire response of the system. Due to
its capability, the integral sliding mode has gained significant
attention, and it has also been proposed for unmatched and
matched uncertain systems [33].

The control input of the disturbance-observer-based
ITSMC is proposed as follows:

I , TR
U= ——— <f () —%q +d + g5 + s +oe‘1) 27
g ()

where ¢, u and o are positive design parameters, p1, g1, p,
and ¢ are odd numbers.

Theorem 2: The suggested disturbance-observer-based
ITSM guarantees the stability of the closed-loop system,
the convergence of the tracking error in the presence of the
external disturbances, and modeling uncertainties.

Proof: The Lyapunov functional V(t) is formed as:

1
Vo= Esf (28)

Taking the derivative of the Lyapunov function yields:
Vo = s, (&d +e(t) +oe%) =g (&,1 +x — x4 —{-oe%)
V4
=s,(&d+f(x)+g(x)u+d—)'cd+ae‘1> (29)

using the control law (27), we have:

P
Vo =5 <§d —Xg +f () —f (x) —d — 85 —Mstql
) P
—oed +d+ x5 + aeq)
pL
= (sd +d—d—gVas, —us,‘“> (30)
Considering Eq. (22):

P
Vo= <_§St — s >

P1+491 P1441 P1+41

=—cs>—us, " < —2¢cVp—2 2 v, (31)

Thus, it is concluded from Lemma 1 and Eq. (31), that
;) =sq@t)+e®)+o f(; e (t)gdt converges to zero in a
finite time (7). The value of T can be easily calculated based
on Lemma 1. Hence, the system converges to the sliding
surface in a finite time. Also, sy (#) converges to zero in finite
time (as it was mentioned in the previous section). Therefore,
after a finite time system is on the sliding surface, and results
ine(t) +o fé e (t)gdtz 0. By defining the dynamic error
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4 .1
equation as: ej (1) = fé e(t)4dt, on the sliding surface,

we have ¢;(t) = —(oe;)%. Solving the dynamic error equa-
tion leads to the calculation of the convergent time of ¢;(t) as
follows:

1-2 1-2
el e)'

A - P4
ci(1-8)  osT(1-L)

Ty (32)
Meanwhile, the spent time for the convergence of the tracking
error e(t) is Ty. To recapitulate briefly, from Lemma 1 and
(32) it can be calculated that the tracking error e converges to
the zero in the finite time.

Remark 2: In the proposed control scheme (ITSMC), there
is not the sign function for the sliding surface in the control
input. We have the sign function for the variable s, where s4
is the variable regarded to the disturbance observer. ITSMC
stabilizes the system in the finite time; therefore, the sliding
surface converges to zero in finite time. Thus, the function
of sign(s;) will be zero after a short time, and the chattering
and vibration are reduced/eliminated during the stabilization
of the system by employing the ITSMC. In fact, the ITSMC
possesses two advantages: (a) Stabilizing the system in the
finite time, and (b) Reducing/Eliminating the chattering from
the signal control input. Therefore, the vibration in the system
will be reduced.

C. ITSMC WITH INPUT SATURATION

Due to physical limitations, control input saturation may
occur in many real systems. Thus, in the current study, the
disturbance-observer-based ITSMC with unknown input sat-
uration is developed. By applying the input saturation con-
straints, the control input u is as follow:

u=T (u) (33)

where u, is the control input command and will be designed
in the following. The function I'(.) denotes an unknown
saturation function. By defining &# = u — u, and substituting
into Eq. (15) we have:

X0 =f0)+g&) (uc+u)+d
=f@)+gxu.+D (34)

where D = g (x) u+d is all of the disturbances expose to the
system in the presence of control input saturation. According
to section 3.a, the fast disturbance observer is designed as:

A Py
D = —ksq — Bsign (sq) — €54 — If (¥)] sign (sa) —f (¥)
(35)
where sy is defined in Eq. (18) and z will be obtained by:
)
z=—ksq — Bsign (sa) — esa®0 —|f (x)|sign (sq)+g (x) uc
(36)

where the parameter B should be designed as § > |D|.
According to Theorem 1, the approximation error of the
disturbance observer converges to zero in the finite time. Con-
sequently, for the system (14), the disturbance observer-based
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ITSMC (DOB-ITSM) in the presence of the control input
saturation is designed as:

1 . a 2
ucz_g(_x) (f (X) —Xg+D+ g5+ s, +aeq> G

where s; () is expressed in Eq. (26).

Theorem 3: Consider the non-linear system (14) in the
presence of external disturbance and control input satura-
tion. Using the control input (37), the tracking error of the
closed-loop system converges to zero in the finite time.

Proof: Let Lyapunov function as:
1,
Va= 35 (38)

The derivative of V3 yields:

. . . L4 . . . L
V3 = s (sd + e (1) +ae'i) =5 (sd +x — x4 +Ue‘7>
P
=5 (S0 +f O +g W uc +D — g +oei)  (39)

substituting the proposed control law (37), into Eq.(39)
yields:
L

. A P
Vi= s, (&d —Jka+f () —f @) =D —gs; —ps" —oes
)4 A 21
+D —}—)'cd—}—oe?) =g <§d+D—D—§sl—us;" ) (40)
According to Eq. (22), we know D — D= —$4; therefore:

128 Pi+d1
v q1 2 q1
Vi =s; (—gs, — WS, > = —g5; — US;

P1+41 21441

< —26V3—2 % py, O (41)

Thus, based on Eq. (41) and Lemma 1, the tracking error
e converges to the zero in a finite time. This demonstrates
that using the proposed controller, the tracking error of the
uncertain closed-loop system converges to the zero even in
the presence of control input limitation.

To briefly recapitulate the design procedure of the con-
troller parameters, all the parameters must be designed in
such a way that they satisfy stability condition which is as:
B > |D|, p, q, po and go are odd positive integers in which
po < qo and p < g. Moreover, parameters ¢, i, o, k, and €
should be positive.

D. VOLTAGE REGULATION LOOP

The governing equation of the voltage regulation loop is as
follow:

dVye  Bmcos(8).  ~/3msin(8) . 1

i~ 2c “TT ¢ “Tke

As it is mentioned in [34], the current dynamics are much
faster than the voltage dynamics. Also, based on the singular
perturbation theory, in the designing controller process for the
voltage regulation loop, we can assume iy = 7 and iy = i
This assumption yields [35].

dVy. 1

i v (P* = Ploaa) (43)
C

Vac  (42)

%
q-
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where P* = W@V@ + %iq‘/dc. Moreover,
V2 . .
Piouda = R—‘é‘ denotes an unknown time-varying external

disturbance. By defining the variable w = Vjc /2, and sub-
stituting in Eq. (43):

4;_"; =P* — Pioad (44)
Comparing the generalized form of a relative-degree-
one uncertain non-linear system Eq. (14) and Eq.(44), it is
obvious that for the voltage regulation loop f(x) =0 and
g(x) = 1. Hence, P* is the control input for the voltage regu-
lation loop and will be designed in the following. According
to section 3.a, the disturbance-observer for the voltage regu-
lation loop is given by:

~ . Po
Dy, = —ksaw — Bsign (saw) — ESaw 1
Po
Zw = —ksgw — Bsign (sgy) — Sgp %0 + P*
Sdw = Zw — W (45)

We consider the regulation error as e,, = w — w* where
*2

v . )
w* = 4 and V. is the desired value of the voltage. Then,

based on the proposed method, the integral terminal sliding
surface for the voltage regulation loop is constructed as:

! P
s=sm O +en+a [ ewfa @0
0
Based on the proposed control technique, P* is as follow:
Py i
P*=T <— (—v’v* + D, + csyy + usit + oei’,,)) (47)

Fig. 8 illustrates the block diagram of the disturbance-
observer- based ITSMC for voltage regulation loop.

Vi [ 1 Integral + (%
—

=C )2 = Terminal ¥
2 + Sliding mode =
d

{
|
|
|
T
|
|
I

FIGURE 8. Illustration of voltage regulation loop with
disturbance-observer- based ITSMC.

E. CURRENT TRACKING LOOP
From (12), the governing equation of the current tracking
loop is as follows:

dig r, . uq Eq

PR v A

By _ g iy — My, (48)
dt L 3L~

where uy = mcos (8) and u; = msin (8) . The currents i,
and iy should track their references ij; and i}, respectively.
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The reference value iz, is set to provide a desired instanta-
neous reactive power (¢*= 0). Also, the reference value 7; is
calculated in order to dc-link capacitor voltage is regulated
to the desired value (V). Hence, the current references are
given by:

p*
Vd

=0 (49)

e
ld— q

The tracking errors are considered as:
eq = ig — iz
eq =ig— i; (50)

The current tracking loop controller based on the proposed
method in the presence of the input saturation is given by:

3L r d .
ug =T <— <—_id + wig — —ig + Gasi

Vie L dt
I’Lll Pd
T pgsd +ode;;d)) (51)
V3L o r o da
Ug — — —Wlg — —lg — —1 S
‘ Vae T LT gl T e

Pg1
+pags + oyl q)) (52)

where the sliding surfaces for the current tracking loop are:

¢ Pd
Std de(t)+ed(t)+0df eq (1) dt
0

Pq

t
Sig = Sag (1) + 4 (1) + 0 fo eg(ydi  (53)

It should be mentioned that the disturbance observer only
used for the voltage regulation loop. Actually, the disturbance
observer which used for the voltage regulation loop detects
load disturbances. The parameters of the control scheme
should be designed such that they satisfy the stability con-
ditions, described in Sections 3.a, 3.b, and 3.c. The control
scheme is shown in Fig. 9 for the current tracking loop with
disturbance-observer-based ITSM.

U]

FIGURE 9. Illustration of current tracking loop with
disturbance-observer-based ITSMC.
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F. CHOOSING CONTROL PARAMETERS
According to the proposed control technique, there are three
control loops which they contain several parameters.

According to Fig. 8, the outputs of the voltage regula-
tion loops act as the control inputs for the current tracking
loops. Hence, due to the importance of the current tracking
loop, at first, the parameter of these control loops should be
assigned.

Remark 3: To reach a high performance of the control
scheme, the value of currents (iz and i;) should be convergent
to their desired value in a short time. Consequently, according
to Eq. (41) and Lemmal we should consider relatively large
value for parameters J4, 8, (44, and 4. It is noteworthy that
a very large value can be selected for these parameters, but
sometimes large parameters may enhance the chattering in the
system response and control signals. Hence, choosing param-
eters is a trade-off. When the current tracking loops act appro-
priately, the parameters of the voltage regulation loop could
be easily designed to obtain the best response of the system.
All these parameters are tuned after running several detailed
simulations. In the designing of the proposed controller, all
signals, including disturbances and states of the system, are
considered to be bunded, which is a common assumption in
designing a controller for practical systems. However, may
the bound of compound disturbance be unknown. Hence,
a relatively high value for 8 should be selected. The control
parameters for voltage regulation loop, including disturbance
observer parameters and two current control loops, iy and iy,
are listed in Tab. 2. All the presented results in the next section
have been extracted with these parameters.

TABLE 2. The control parameters.

voltage resulation loo current tracking | current tracking
ge regu P loop (ig) loop (ig)
Par | Value | Par | Value | Par Value Par Value

k 29 P 1 [ 3 o4 1
5 q 1 Pa 1 Pq 1
& 10 ¢ 27 qq 1 qq 1

Po 1 u 300 S, 400 Cq 450

qo 3 P1 1 Mg 10 Hq 450
4 300 q. 11 Pa1 1 Pq1 1

qa1 11 dq1 13

IV. SIMULATION AND EXPERIMENTAL RESULTS

The general structure of the proposed control technique is
developed in Fig. 10, based on the conventional model, which
has been discussed in Fig. 6.

The voltage regulation loop is replaced with the proposed
disturbance observer, surrounded by dash line, and two other
PI loops are replaced by ITSMC. To demonstrate the per-
formance ability of the proposed controller in real condition,
an AC power source impregnated with low order harmonics
is assumed both in simulation and real experiment. The real
waveform of the three-phase source along with frequency
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FIGURE 10. General control diagram with DO and ITSMC.
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FIGURE 11. (a) Three-phase waveform of power source, (b) Frequency
spectrum analysis of three-phase waveform.

spectrum analysis, is shown in Fig. 11. To generate the appro-
priate pulses for the power converter, Discontinuous Pulse
Width Modulator (DPWM 60°) is applied. The duty cycle
pattern of three different m is shown in Fig. 12(a). Despite
the harmonic style of each individual pattern, the relative duty
cycles are pure sinusoidal shape, Fig. 12(b).

A. SIMULATION RESULTS

To have a better understanding of the proposed control tech-
nique and before real implementation, a series of detailed
simulation has been done in MATLAB-SIMULINK. Simula-
tions are done for both conventional PI controller and ITSMC.
Two types of dynamic responses are examined, step-change
in V. and step change in the load resistance as an external
disturbance. The results of the step-change of V. are com-
pared in Fig. 13. The better performance of ITSM is obvious,
while no saturation happens.

The results of the step-change of DC load are compared
in Fig. 14. Three levels of load resistor (50,100 and 25€2) are
changed in step format while V;. = 100V. In the proposed
control scheme, the load variation is considered as external

VOLUME 8, 2020

Pl Controller
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Power angel (delta)
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©
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FIGURE 13. Simulation results: Performance comparlson between ITSM
and PI controller due to step changing in V}_. (a) Modulation index,
(b) Power angle (5 in degree), (c) V4.

disturbance, and it has been tracked by an observer. The
output of the voltage control loop is considered as a reference
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FIGURE 14. Simulation results: Performance comparison between ITSM
and PI controller due to step changing in DC load. (a) Modulation index,
(b) Power angle (5 in degree), (c) output of voltage control loop (I4+),
(d) estimated disturbance, (e)Vq.(including the PR controller
performance).
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FIGURE 15. Finite-time convergence in (a) voltage control loop (DO) and
(b) current control loop.

value for the direct axis current control loop (/). The gener-
ated values for I due to both PI and DOB-ITSM are depicted
in Fig. 14(c). The normalized estimated disturbance by the
observer is shown in Fig.14(d). To have a better validation,
a separate simulation in o8 frame, based on [1], is done with
PR controller and the output waveform is compared with two
other performances, Pl and DOB-ITSMC, in Fig.14(e).

The outstanding performance of the proposed controller is
clear in tracking V. to the desired value.

According to the proof of the finite-time convergence, the
convergence time for each one of three controllers consists of
two parts, convergence to the sliding surface and convergence
the sliding surface to the equilibrium point which they are
depended to an initial state of errors and sliding surface before
every dynamic response or disturbances. The amount of these
initial values must be obtained from the simulated model.
According to the parameters of TAB. 2 and considering the
start time as fo= 0.3, the maximum values for the conver-
gence time of the current and voltage control loops (DO)
are calculated in Appendix I. The performance of DO in
tracking the load current steps is shown in Fig. 15(a). The
maximum calculated convergence time is T, = 0.071sec.
The observer converged to the new load current (4.3A) in
0.06 sec, which is smaller than 0.07 sec. The performance of
the ITSM in the current loop in tracking the variation of V. is
shown in Fig. 15(b). The current controller converged to the
new V5. (100V) in 1.2 sec, which is smaller than 2.05 sec.

B. EXPERIMENTAL RESULTS
To examine the validity of the proposed control technique,
an experimental setup has been prepared according to Fig. 16.
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FIGURE 16. Experimental setup of synchronous rectifier.
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FIGURE 17. Experimental results: Performance of ITSM controller, (a) step change in Vy.*, (b) step change in DC load, (c) current is in phase with

corresponding voltage.

All the parameters are the same as in the simulation envi-
ronment. An autotransformer is used as a power source, and
two-core processor (F28M35) is utilized for real-time imple-
mentation. DSP core is dedicated to reading the analogue data
(voltage and currents), executing the control algorithms, and
controlling the PWMs while the other core (ARM type) acts
as a data transceiver between MATLAB and DSP core. Sim-
ilar to the simulation section, two types of dynamic response
evaluations are performed here as well, a step-change in the
desired DC voltage and a step-change in the load. A periodic
symmetrical 0.25Hz pulse with a lower level of 100V and
upper level of 120V is used as a step input of the control
loop. The recorded data due to step-change in V;, for both
PI and ITSMC, can be compared in Figs. 17(a) and 18(a).
The performance of ITSMC over PI controller is evident.
The response of ITSM to tracking the V ;. approximately two
times faster than PI. To analyze the dynamic behavior of SR
due to load variations, another 502 resistor is connected to
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a fixed 502 load through an on/off switch. The performance
of ITSMC is compared with the PI controller in Figs. 17(b)
and 18(b). Zero reactive power is one of the control con-
strains, which is fulfilled in both control techniques. Com-
parison of voltage and current of AC power source for one
of the three-phase indicates that they are in phase with each
other for ITSMC as well as PI controller, Figs.17(c) and 18(c).
Because of the distorted waveform of power source, a very
small displacement between voltage and current is visible.
But in general, perfect in-phase matching between voltage
and current is evident.

C. SPECIFICATIONS OF THE PROPOSED CONTROLLER

In the presented control technique, near to 26 parameters
must be tuned for the observer and three control loops,
while the conventional PI control scheme only depends on
six parameters. At the first look, it seems such a compli-
cated technique and two substantial questions will be raised.
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corresponding voltage.

How to set parameters, and what is the benefit? Despite a
large number of control parameters, it is not difficult to find
the appropriate values for them. According to the described
algorithm in section 3.F and doing some of simulations,
the proper values for parameters are achievable. Actually,
In comparison to a conventional control scheme, increasing
the number of parameters is a cost to have the following
benefits:

1- Stable and robust performance against uncertainties and
load disturbances.

2- Finite-time convergence of the system tracking error.

3- Quick response for tracking the reference values.

4- Preserved stability in the presence of control input satu-
ration.

V. CONCLUSION

A new control structure of three-phase synchronous rectifier
was developed based on the integral terminal sliding mode
controller. The proposed control technique was implemented
on a non-linear and time-varying model of a three-phase
grid-connected converter in the conventional synchronous
reference frame. DC-load variation was considered as an
external disturbance. Therefore, a disturbance observer was
utilized to estimate the active power and consequently to
produce the amount of direct axis reference value for the
current control loop. The proposed controller has Four out-
standing features, robust performance against uncertainties
and load disturbances, finite-time convergence of the closed-
loop system tracking error, quick response in tracking refer-
ence values and mathematically proven and experimentally
confirmed stability in the presence of control input saturation.
By performing a series of detailed and precise simulations
along with a real-time implementation on a laboratory setup
of a three-phase synchronous rectifier, the validity of the pro-
posed control scheme was fully investigated and confirmed.
As a future suggestion, the developed disturbance observer
can be promoted via a fuzzy logic system. The appropriate
performance possibility of the proposed controller suggests
the extension of the application of this method for other
power converters. Also, future studies could also be devoted
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to combining neural networks and fuzzy systems with the
proposed controller. This way, the controller will possess the
advantages of neural networks and fuzzy systems.

APPENDIX

Here, as an example, the convergence of the system from the
starting point of the controller (T = 0.3 sec) is calculated. The
maximum convergence time for voltage and current control
loops can be obtained as follows:

A. Vpe
The convergence time of the voltage loop can be obtained as
follows:

1
Ty, <034+ ————
P1+41
2 (1 + )
212 P14
ngw( o >(T0)+2 M

x In Fe

2 24 w

= (0.3 +0.001)sec

where s,, (Tg) = 1.002 comes from the simulation.

Pl

vad = _|ew (Tsvdc) l_ﬂ

c T Pl
T p1
q1 — 2
o (1 (11)

= 0.07sec

where ey, (Tyy,.) = —53 comes from the simulation.

Try, =T, +Tf, =(0.301+0.07) = 0.371sec

B. i,
T,, <0371
1
+
2§d (1 _i_Pd;J;iIdl)
2(1—’7”“;"‘“ ) Pd14-9d1
2cs,, 03T 42 By
xIn Pd114d1
2 fn g

= (0.371 4 0.0021) = 0.3731sec
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where sy4 (0.371) = 27 comes from the simulated model.

ea (1)~
e ) d1
Iy, = i“s,d— = 1.7sec
dar _bpat
%a (1 qd1 )
where e; (Tsiq) = —6 comes from the simulated model.

Try < Ty + Tjy = 0.3731 4 1.7 = 2.0731sec

C i

Ty, < 0.371

n 1

2 1 Pql+4q1

gq + qq1

17”‘1%"‘1' Pgi+q1

2648 " (0371 42 My,

X In PoTrag]
2 g1 g

= (0.371 +0.0034) = 0.3744sec

where s, (0.371) = 50 comes from the simulated model.

_Pql

1
eq (T 9q1
1, = Lol *

741 _Pql
oyq (1 qql)

= 2.05sec

where ¢, (Tsiq) = 2 comes from the simulated model.

TT,' < TS

q — " Siq

+ T, = 0.3744 + 2.05 = 2.4244sec

The validity of the extracted convergence times can be
checked by comparing them with the voltage and current
waveforms in Fig.15.
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