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Abstract: Sliding mode control (SMC) becomes a common tool
in designing robust nonlinear control systems, due to its inhe-
rent characteristics such as insensitivity to system uncertainties
and fast dynamic response. Two modes are involved in the SMC
operation, namely reaching mode and sliding mode. In the
reaching mode, the system state is forced to reach the sliding
surface in a finite time. The major drawback of the SMC ap-
proach is the occurrence of chattering in the sliding mode, which
is undesirable in most applications. Generally, the trade-off
between chattering reduction and fast reaching time must be
considered in the conventional SMC design. This paper pro-
poses SMC design with a novel reaching law called the expo-
nential rate reaching law (ERRL) to reduce chattering, and the
control structure of the converter is designed based on the multi-
input SMC that is applied to a three-phase AC/DC power con-
verter. The simulation and experimental results show the effect-
iveness of the proposed technique.
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1. Introduction

The three-phase AC/DC converter has become popular
nowadays because its control structure is simplified and
consists of power semiconductor called insulated gate bi-
polar transistor (IGBT) which is capable to switch at a
high frequency. For example, the applications of this con-
verter in various industries are grid connected power con-
verters, electronic power transformers, and variable-speed
drives [1-3]. The typical purpose for control design of
this converter is to achieve the following system perform-
ances: unity power factor unity, constant DC-output
voltage with load changing, capable bidirectional power
flow, sinusoidal input currents, regenerative capability,
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and ripple-free output voltage [4,5].

The control technique can be classified into two types:
linear and non-linear control. The drawback of the linear
control is to operate at the specified design operating
point. Therefore, the converters that are non-linear sys-
tems should control via the non-linear control technique.
The interested and popular non-linear control technique is
sliding mode control (SMC) [6—8], due to its inherent
characteristics such as insensitivity to system uncertain-
ties, finite-time convergence, and fast dynamic response.
A lot of applications of conventional SMC have been
studied, such as electrical drive control [9,10] and mag-
netic levitation control [11]. This classical SMC control
generates a chattering phenomenon that is undesirable for
most applications since it may excite the neglected high-
frequency unmodeled dynamics (e.g., [12]). The improve-
ment of SMC techniques to overcome chattering has been
proposed. Among them is the continuation method, which
was reviewed in [13,14]. An application of this method
was illustrated in [15], where the discontinuous control
function was replaced by a saturated function of continu-
ous control. Another example was presented in [16],
where the SMC was applied to the control of a permanent-
magnet synchronous motor and the chattering was re-
duced by using a sigmoid function instead of using the
signum function in the control law. Some new tech-
niques for the chattering reduction include the higher-or-
der sliding mode method [17], the complementary slid-
ing mode method [18], and the reaching law (RL) me-
thod [19,20]. The RL method is of particular interest. It is
based on the fact that the chattering is caused by the im-
perfection of the reaching process. Therefore, this me-
thod focuses on specifying an RL that not only ensures
the reaching condition but also controls the chattering
level. In this way, the system dynamic during the reach-
ing phase and chattering reduction can be designed. The
RL method has now become a systematic approach to the
design of the SMC systems.
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Three RLs were proposed in [21]. The simplest one is
the constant rate RL which contains a constant gain and a
signum function. Increasing the gain results in reducing
the reaching time, but increasing the chattering. The con-
stant rate RL is improved by adding a proportional rate
term, called the constant plus proportional rate RL. This
law increases the reaching speed when the distance
between the state and the sliding manifold is large. Some
application examples of this law can be found in [22] and
[23]. The last one is called the power rate RL. This law
can eliminate chattering, but the robustness of the system
is reduced.

Several new RLs have been introduced. The exponen-
tial RL was proposed in [24] to remove the interdepend-
ence between the reaching time and the chattering level.
An RL using the inverse hyperbolic function was pro-
posed in [25]. An RL with a varying gain was presented
in [26] for the permanent magnet synchronous motor
(PMSM) speed control. In [27], an enhanced exponential
RL was applied to control the permanent magnet syn-
chronous generator (PMSG) wind turbine to improve
total harmonic distortion. Although each of the aforemen-
tioned RLs has its own merit, it involves complicated
mathematical expression. Some of them must be simpli-
fied by approximation when implemented.

This paper proposes a new technique to control a three-
phase AC/DC converter via SMC. There are two parts to
consider, namely control structure and control method. In
the literature, including [28], the application of the SMC
technique adopts a cascaded control structure for the con-
verter control design. This technique consists of two con-
trol loops; the inner loop is current control and the outer
loop is voltage control. To achieve the control criteria via
the cascaded control structure, the inner loop dynamics
must be much faster than the outer loop, demanding a
large output capacitance that is not suitable for real com-
mercial applications. Therefore, this paper proposes the
multi-input control structure to avoid the constraint of the
cascaded control structure. In the part of the control
method, a new RL called “exponential rate reaching law”
(ERRL) is proposed to reduce the chattering with improv-
ing total harmonic distortion (THD), enhancing the ro-
bustness in the sliding phase and improving the dynamic
of the system in the reaching phase. Based on this RL, a
detailed analysis of reaching time and robustness will be
described. The application of the proposed RL for a three-
phase AC/DC converter will be presented. Finally, simu-
lated and experimental results will be shown.

2. Three-phase AC/DC converter model

The schematic diagram of the three-phase AC/DC power
converter is presented in Fig. 1, where R is the phase resi-

stor, L is the phase reactor, C, is the bus capacitor, R, is
the load resistor, i, iy, and i, are the input current, i, is
the convertor current, ic, is the capacitor current, 7; is the
load current and Uy is the DC voltage. S, (k= a, b, or ¢)
is the switching function of power switches and S is the
opposite status of S;.
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Fig. 1 Three-phase AC/DC converter diagram
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The converter is connected to a balanced three-phase
source where the phase voltages V,, V, and V, are as-
sumed to be (1).

V. = E,, cos(wt)
2
Ve :Emcos(wt+ ?n) (1)

2n
Ve = E, cos|wt— 3

It is also assumed that the power switches are loss-free.
Hence, the mathematical model of the converter in the
synchronously rotating or (d,q) reference frame can be
presented as follows:

di
L= = v, —Ri,+ wLi, - f,Us,
dt
di, . .
LE =v,—Ri,—wLi,— f,Us 2)
dU,.

Podr

3 Uy
= —(falg+ fi,)— —
Zﬁld f;iq RL

where  is the supply frequency; i, i, refer to the cur-
rents; v,, v, refer to the supply voltages, in the (d.q) co-
ordinate frame; f;, f, refer to the switching function in the
same frame; finally, U, is the DC voltage. Note that the
system (2), with the switching functions f; and £, as con-
trol variables, are nonlinear. The control design of the
power converter is usually aimed at achieving the follow-
ing system performances, namely unity power factor, si-
nusoidal input currents, regenerative capability, and
ripple-free output voltage.

3. Preliminaries

In this section, we briefly present the theory of SMC
design based on the RL method. The theory is based on a
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class of nonlinear plants that can be expressed as
x=f(x)+Bxu 3)

where x =[x, x,, ***, xn]TE R’ is the system states vector,
fix)ER" and B(x)ER"™ are nonlinear functions, and
u€R" is the control input. Generally, the dynamics of an
SMC system consists of two modes, namely reaching
mode and sliding mode. The RL-based SMC design be-
gins with the design of sliding mode dynamics, which is
done by choosing an appropriate switching function de-
scribed as

T
S:CT.X:[SI,Sz,"',Sm] (4)
nxm

where CER" ~ determines the dynamics of the system on
the sliding surface s = 0. The next step is to design the
reaching mode dynamics by utilizing an RL. The RL is
defined as a differential equation that establishes a reach-
ing condition and directly describes the switching func-
tion dynamics. During the reaching mode, the RL forces
the system to move from an initial state to the sliding sur-
face in finite time; this time interval is called reaching
time. The general form of the RL can be found in [21]. In
this section, a special case of the general form called the
constant rate RL is chosen to illustrate the design. This
law is described as

§ = —Ksign(s) (5)
where K = diaglk,, k,, -, k,] , k> 0, sign = [sign (s,),
sign (s,), **, sign (sm)]T, sign () is the signum function.

This RL is conventionally used because of its simpli-
city. From (4), the time derivative of S along the reach-
ing mode trajectory can be determined as

._Os. _0s
§= ax— e [f (x)+B(x)u]. (6)

The control law can be obtained from (5) and (6) as
u=—|% B o f(x)+ K sign(s) 7
T | ox Ox g ’

0
provided that ﬁB(x)is nonsingular.

The control law in (7) consists of two parts. The first
part, called equivalent control, is defined as

-1
ty = —[g—iB(x)} [Z—if(x)]. ®)

Using the equivalent control (8) in (3) gives the sli-
ding mode equation of the system. The second part,
called discontinuous control, maintains the robustness of
the system from the parametric uncertainties and disturb-
ances. Integrating (5) with respect to time results in the
reaching time as

|s:(0)]

reach; — k )
i

i=1,2,,m. )

From (9), it is clear that increasing K reduces the
reaching time, but the chattering increases. This draw-
back is due to the fixed gain. The next section discusses
the proposed RL to reduce chattering.

4. SMC with ERRL
A new RL, called ERRL, is described in this section. The

proposed ERRL is described in vector format as
§ = —Kp(s,u,0)sign(s) (10)
where o is a positive integer, 0 < o < 1; x is a positive in-
tegera O </,C < 15 K= diag[kh k29 ) km]a ki> 0: p(S,IU,O') =
diag[(1—pe™™ V), -, (1—pe™™ V)]s sign=[sign(sy),
Sign(s2)9 T Sign (Sm)]T'
The scalar format of (10) can also be written as

§i = —ki(1— e )sign(sy), i=1,2,--,m. (1)

The reaching time #.,, for s; can be determined by re-
arranging (11) as

§i(1— e )" = —k;sign(s,(0)). (12)
By integrating (12) with respect to time, the reaching
time is obtained as

T d 13
treach(__EL ( _/Jie ') SIgn(s,-(t)) S. ( )

From (13), when sign (s/(¢)) <0, we obtain

1 s il -1
treach, - EJ;) (1 —MiC ') dS (14)
and when sign (s,(f)) > 0, we obtain
1 —5:(0) st 1
treach, - k_,J;) (1 — i€ i ) ds. (15)
From (14) and (15), it can be concluded that
1 (sl -1
treach, = EL (1 — M€ ') dS. (16)
From (16) we finally obtain
o |elsone — gy
Hreach, = — e 17
" k; ! 1 —p ’ (a7

The proposed RL as given in (11) can be considered as
an RL with an adaptative gain where the term 1 — pe™/”
may be thought as an adjustable coefficient of K. For a
large value of S, meaning that the state is very far from
the sliding surface, this term converges to unity. This
gives rise to a very fast reaching speed which is deter-
mined by K. As the system trajectory approaches the slid-
ing surface, this term gradually decreases to 1 —u which
is less than unity. Hence the chattering can be influenced
by the choice of u: increasing the value of u reduces the
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chattering level. The effect of ¢ on chattering can also be
concluded by the same analysis: decreasing the value of ¢
increases the chattering level. Although both 4 and o af-
fect chattering and reaching time, the fact that ¢ appears
explicitly on reaching time equation as presented in (17)
makes o the obvious choice for specifying the reaching
time, leaving u for determining the trade-off between the
chattering reduction and robustness.

By following the same procedure as described in Sec-
tion 2, the control law of the proposed RL can be ex-
pressed as

-1
u= —[ﬁB] [ﬁf(x)+Kp(s,,u,0')sign(s) . (18)
ox ox

Notice that (7) and (18) give the same equivalent con-
trol, indicating that the dynamics on the sliding mode of
both systems are identical. However, the proposed RL
can reduce chattering by a choice of its parameters.

5. Reaching condition under system
perturbations

This section presents an analysis of the ERRL under the
system perturbations. Let us assume that the terms f{x)
and B(x) of the nonlinear system expressed in (3) are not
exactly known, but approximated as f (x) and B(x), re-
spectively. Furthermore, we assume that the matrix C is
constant. From (6), the sliding surface is obtained as

§(t) = C"f(x) + C" B(x)u. (19)

Therefore, the control input is able to be determined
from the RL as presented in (10) under the condition
$(t) =0 as

it =—(C"B(x))" [C" f(x) + Kp(s,w,0)sign(s)|  (20)

where # is the control input for the nominal f (x) plant
and B(x). By substituting (20) into (19), we obtain

§=C"f(x) - C"B)((C"B) ' (C" fx)+
Kp(s,p, o)sign(s))) . 21)
Let
1
V(s) = EsTs (22)
be a Lyapunov function candidate. The reaching condi-
tion can be found as
V(s)=s"s<0. (23)
Hence, from (21), we have

s"s = s"(C" f(x) - ZC" f(x) - Psign(s)) =

s (CT fx)-ZC" fx)- Pﬁ) (24)
where Z = C"B(x)(C"B(x))",P = ZKp(s,, o) and s/|s| =
[s1/I81] $2/183),- -+ sS ! |s,,,|]T. Assuming that Z and P are diago-
nal, then the reaching condition (23) is fulfilled if

pu>|C f)-ZC"f(x)], (25)

where p;;is the element (i,i) of P, and i = 1, 2,--- ,m. The
condition (25) will be used in Section 6 for the choice of
K that satisfies the reaching condition under system per-
turbations.

6. ERRL-based control design for
the converter

The proposed SMC design via a multi-input control struc-
ture in Fig. 2 is developed with reference to the steady-
state conditions described in this subsection. In Fig. 2,
SVPWM refers to the space vector pulse width modula-
tion. K4 is a gain constant to compensate input voltage.

SMC

ERRL

i

6| Phase lock loop

(PLL)

Fig.2 Control structure of the three-phase converter
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In an ideal steady-state, the DC output voltage is main-

1|E, E,\ 8U; I
tained at a reference voltage, Uj_ . Since i, is controlled to I, = Sl * (7) VR (32)
zero to obtain unity power factor, i, equals the magnitude
of the input line 7,. Let f;, and f,, be defined as the From (32), there are two values of 7, for a given load
switching function f; and f, at steady-state respectively. current. While the smaller value of 7, is always used in

From (2), with Uy, =U}_, i}, =
all derivative terms set to zero, the system at steady-state
can be described as expressed in (26), (27) and (28).

=0, /= fif,=f,0 and the control design, whether or not the larger one can also
be used depends on the operating point of the converter;
more detail can be found in [29]. In the development of
the design described in the next section, we assume that

maq

RI, + fU;. = E, (26) the converter is connected to a resistive load, R;; hence I,
in (32) is determined by U;_/R;.
wLl, + foU; =0 27) According to the multi-input control structure, the er-
rors between the references and the actual variable va-
§ Fuol =1, (28) lues are new state variables as defined in' (33), where i, =
L, iy, = 0, and U;, are the references with respect to the
From (26) and (27), the switching function at steady- steady state condltlons discussed above.
state can be obtained as ey =1i—iy
E,—RI, €y =1y—1, (33)
de = T e (29) Cude = U;C - Udc
Udc
T These state variables can be written in the form of (3),
—WLL,
fo= - (30) where
dc Xy ey
By substituting (29) into (28), the load current can be x=|x, |=|e, |=e
expressed as Yool | uce
3 €y
I, =—(E,I,—RD). 31
L ZUSC( m) ( ) .X.,' — e — éq ,
The current /,, can be determined from (31) as Cude
r R . —Cuwct U}
Im L + L(ed)+ le_w(eq)_a)lq-'- %de
. v, R R —eye + U},
I - (e )+ (,()(El)+(,l)lm+ —(‘f
f@=fe=| L L ’ L
o 3 (vi(=eqs+1,)+v, (—eq + l:;) (—ewe +U2)
-— +
“© 2, —ewe + Uy, R.C,
—€ugc T U;c 0
L
B(x) = B(e) = 0 wetUg |,
L
0 0
Uq Afa
g Afy
The sliding surface based on (4) is chosen as follows: the condition s, = cye, = 0 ensures that i, is zero, and the
s . 0 ¢ eq condition s;= ¢ e;+ ¢34 = 0 determines the dynamics
s = [ Sd ] = [ (1)1 e (1)3 } e, (3%5) of Uy; in fact U, can be described by a stable first-order
q
Cude nonlinear equation, as will appear in the sequel. Substitu-

where c¢,;, ¢; and ¢,, are constants. In the sliding mode, ting (34) and (35) into the control law of the proposed
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ERRL as presented in (18), so the control input can be
determined as shown in (36).

L . Vg o
Afy = m[ '”_ZJ”Ze”ZI”’ —we, —wi, +
2 (U* + 3(vd(_ed +1m)+(vq(_eq +1;))
i o 2C,(-ew. +U})
(e + Uz 1 o s
o B Al (k1 - sal/o _
R.C, - (ka(1 = e/ )sign(s,))
(Em —le)
Uy )
Af, L [ Ve R + =i +wl, +
= | ————e,+ -0 —we; +wl,
e Ul L LT L T
1 —wlLlI,
— (k, (1 — ue™")sign(s,) ]— (—m). 36
(k1 —p en(s)|~| 5= (36)

Then (36) is substituted into (34) and (35) sequentially
and the result is expressed in (37). Hence, the ratio of ¢,
and c; represents the control performance of the system
brought about to determine the time constant and the
steady-state error of U,.

. 1
Uy = —ﬂ( Use 37)

3v,1, )
C13 RLCp

2C,Uq

From (37), the output voltage at steady-state can be de-
termined by setting U,. = 0 as presented in (38).

/3
Udci.vs =+ EImRLVd- (38)

Let us define

1

S W) = —AUqe + A, (39)
Udc
1 3 IITI
where A, = fu and A, = fu 2 , because
Ci3 LCp Ci3 2 P
af(Udc) 1

——— =-A-A,— <0 40
Uy 1 2 Ugc ( )

which is always negative, except at Ug.= 0. From the con-
traction theorem, the solution goes to Uy, ,,. Considering
the chosen sliding surface as in (35), it shows that the
steady-state errors of the system still occur. Therefore,
the output voltage tracking to the given voltage reference
without errors can be achieved by adjusting the gain of
the input reference as presented in (41).
Use

Ugc s

Kudc = (41)

The obtained control input signifies the proposed RL to
achieve a power factor close to unity and to decrease
chattering. The gain value can be evaluated based on (25)
as shown in (42).

ky >

( 11 )Udc
RL RL Cp

k,>0

1
(m) (42)

Considering the s, function as presented in (42), the
term 1—pe™” is the maximum when s;is given to be
zero, which causes the gain K to increase. On the other
hand, the increasing or decreasing s, is not significant to
this term 1 —pe V7 it still decreases and also causes the
gain K to decrease. The gain K evaluated from the pro-
posed RL is the sufficient condition to indicate the sys-
tem robustness to the external perturbations under the
specified bound of the uncertainty.

7. Steady-state error reduction

According to the considered first-order system, as above-
mentioned, the effectiveness and the robustness of the
control system without any steady-state error can only be
achieved if there is no variation of the load and the para-
meters. However in the actual system these variations de-
pend on the normal plant operation that has effect on the
steady-state error of the current i, and the output voltage.
Therefore, to solve this problem, this study proposes a
technique which consists of two steps as shown below:

Step1 Adding integral term

In this step, the state error e, that consists of integral
term is added into (34) to guarantee that current i, is zero
at steady-state as shown in (43).

Xa [¥]
Xy €4
X = = =e,
Xude Cude
Xq €p
éq
éq
X=e€= s
éudc
épn
fx)=fle)=
[ . V, R R . —€ydc T U*c
Im_ Z{ +£(ed)+£lm_w(eq)_wlq+ Ud ﬁlO
. 1% o —€ugc t ;c
Ii=7 = 7le)+ iy —wle)—whi+ ——F—=fp
U* 3 vd(_ed + Im) + vq(_eq + l;) (_eudc + U;,)
dc 2Cp —€uge + [j:;L RLCp
¢
—€udc + U;C O
L
—€udc + U;C
B(x)=B(e) = 0 L ’
0 0
0 0
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S FIEFA

where ¢, = je,,dt and the sliding surface equation can be

defined as
Sq=cCrieq+Cizey =0 (44)
§q = Cné€y + Cru€p = széq + Cr€y = 0

Substituting (43) and (44) into the control law of the
proposed ERRL as presented in (18), so the control input
can be determined as shown in (45).

L . v R R "
Afy = m [(Im— f+ zed+zl,,, —weq—a)lq)+
g( o + 3(Vd(—ed +I;;) +(Vq(—eq+];)) N
Ci1 o ZCp(_eudc + U;C)
(_eudc + U:; ) 1 .
o (k1 = el _
R ) o Kl —pe 1 )sign(s.)
E,—-RI,
Ui
L .. V¢ R R,
Af, = m [lq— - zeq+ qu—wed+wlm +
Coy 1 . —(,l)LIm
—e, +— (k,(1—pe™7)sign(s,) }—( )
Cx ! sz( ! K £ q) Uéc

Therefore, the integral term added in the sliding sur-

face equation causes the elimination of steady-state error
in current i,.

Step 2 Load current compensation

In the normal plant operation, the steady-state error of
the output voltage can occur because of the load chan-
ging. However, this error in the output voltage U, can be
eliminated by load current compensation. Therefore, the
estimation of the load current /; is proposed in (46). The
control structure for load current compensation is shown
in Fig. 3.

1|E, E,\V S8U:.IL
L=> |2z q(—=) - =%+ 46
2| R * (R) 3R (46)
where
K, (U:. - Uy
ar, = KilUi=Us) (47)
S

Referring to (47), the value of the compensated load
current can be determined as

I, =T +AI. (48)

Therefore, the compensation of the load current in or-
der to ecliminate the steady-state error of the output
voltage during load change can assist in controling the
output voltage to equal the reference voltage.

I, R,
Use
I ——— -
w+ Y | . Ay i+ .
Al f |1, SMC 7, A
‘ 1| _+~4 ! =
— 0 40 e —
f3 - e/ o
SVPWM

PLL

Fig. 3 Block diagram of load current compensation

8. Simulation and experimental results

In order to verify the performance of the proposed SMC
method to control three-phase AC/DC converters, the
simulations are implemented in Matlab-Simulink and the
experimental setup is built as shown in Fig. 4. The para-
meters which are setup for both simulation and experi-
mentation are listed in Table 1. At the conditions of the
AC side, the AC input voltage is default at 90 V with a

frequency of 50 Hz. The SVPWM switching frequency is
specified at 10 kHz. At the initial operation, the three-
phase converter control is connected to load at 300 Q and
the DC output voltage is maintained at step reference U
of 300 V. The i, is controlled to zero to obtain a unity
power factor. Then, after the state reaches the steady-
state, the load resistance is changed to 150 Q. The gain of
ERRL is 0 =0.7 and ;¢ = 0.8.
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Voltage and
current sensor DC-bus
Precharge resistor | ine reactor ¢ Gate drive

-
Voltage sensor
(PLL)

Fig. 4 [Experiment setup

Microcontroller unit

Table 1 Parameters of the three-phase converter system

Symbol Description Value
Veasbse Vims Phase voltage 90
H/Hz Frequency 50
f/kHz Switching frequency 10
R, R,/Q Phase and load resistor 0.8, 300
C/uF DC bus capacitor 820
L/(mH/Phase) Phase reactor 4.9

The simulation results of DC output voltage and cur-
rent line waveform in steady-state period of the converter,
when the load of the system is changed from 300 Q to
150 Q, are presented in Fig. 5 and Fig. 6, respectively. It
is found when the load of the system is changed from
300 Q to 150 Q, the output voltage of the system is de-
creased. Furthermore, the dynamic response in transient
period of the changed load is very fast to the steady-state
without overshoot as presented in Fig. 7 and Fig. 8. This
is the characteristic property of the SMC that its order is
reduced to the first order.

320
300

280 [ =
% f" “. fl‘ ", e N
= 260 F \ 7 \\ (f \ ] )

240 i : -2

220 1-4

200 - — —6
0.06 0.07 0.08 0.09 0.10 0.11

Time/s

&
L
S N

Fig.5 DC output voltage and line current with load at 300 Q

320 6
300 b Ui 14
i
w4 N\ e AN AN )
= 260 / \ / \ / \ 10 .=
4
240 N U/ A2
220 T SO T SRS I SO - _4
200 -6
0.06 0.07 008 009 010 0.11
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Fig. 6 DC output voltage and line current with load at 150 Q

320
300

AW

200 - -
0.05 0.10 0.15 0.20 0.25

Time/s

Udc

Fig. 7
150

DC output voltage and line current with load from 300 Q to

320
300 p--Uye—

280 [

240 -2

v v vV
220 H; —4
200 -6
0.05 0.10 0.15 0.20 0.25
Time/s

Fig. 8 DC output voltage and line current with load from 150 Q to
300

Fig. 9 shows the simulation result of phase voltage and
phase input at the constant load 300 Q. It indicates that
the system can be operated at a unity power factor due to
the in-phase of the voltage and current waveforms. Fig. 10
and Fig. 11 demonstrate the simulated results of DC out-
put voltage and current line waveform of the converter
with the compensated load current method. The com-
pensated load current method can eliminate the steady
state error as presented in Fig. 10 and it can be also found
that the in-phase of voltage and current waveforms occur
at the constant load 300 Q as presented in Fig. 11.

The simulation results of the current input at a funda-
mental frequency of 50 Hz to study the effectiveness of
the conventional SMC method and the proposed SMC
method to reduce the chattering of the system are presen-
ted in Fig. 12 and Fig. 13, respectively.
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The effectiveness of the proposed SMC method to de-
crease the chattering of system is studied in comparison
with other standard SMC methods. The simulation re-
sults and the THD of the current input of the control sys-
tem from the other standard SMC methods are greater
than the results from the proposed SMC method as shown
in Table 2. The decreasing harmonic illustrates the effect-
iveness of the ERRL technique in chattering reduction.

Table 2 Simulation results of the obtained current THD for the
ERRL method and other standard SMC methods

Control Current THD/%
Constant rate RL 19.62
Constant plus proportional rate RL 18.73
Power rate RL 16.82
ERRL 15.46

All algorithms, including the control law, PLL, and SVP-
WM, are implemented using the STM32F4-Discovery
board. The sampling period is set at 100 ms and the
switching frequency is 10 kHz. Although this microcon-
troller supports floating-point calculation, the mathema-
tical manipulation is done using the fixed-point operation
to speed up the computation time. The exponential func-
tion in the proposed RL is calculated by using a look-up
table to minimize the computational delay. In this experi-
ment, the proposed RL parameters, namely &, and &, are
evaluated from (42) by substituting ¢ and  given at 0.7
and 0.8, respectively. For performance comparison, the
experiment is also performed on the conventional SMC
using the constant rate RL (5) with the same value of K.
The converter starts with the Uy, reference at 300 V and
the load resistance of 300 Q connected. After reaching
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the steady-state, then the load resistance is changed to
150 Q by connecting another resistor in parallel with the
existing load; in other words, the load decreases from 300 Q
to 150 Q. The experimental results as shown in Fig. 14 and
Fig. 15 indicate the waveforms of the DC output voltage
and line current with load at 300 Q and 150 Q, respect-
ively. At the load 300 Q, the DC voltage can be con-
trolled under the conditions as shown in Fig. 14 while
Fig. 15 shows the reduction of the DC voltage during the
changed load from 300 Q to 150 Q as the results of the
steady-state error.

2A : .
[ /dw] g |5 me/div
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Fig. 14 Steady-state results of the voltage and current: DC output
voltage and line current with load at 300 Q
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Fig. 15 Steady-state results of the voltage and current: DC output
voltage and line current with load at 150 Q

Fig. 16 (a) and Fig. 16 (b) present the transient response
state of the DC voltage and current in the phase A while
the load changes from 300 Q to 150 Q and from 150 Q to
300 Q, respectively. In the period to reach the steady-state,
the current changes very fast in response to the changed
load increased from 150 Q to 300 Q, whereas the DC vol-
tage can be controlled under the specified control condi-
tions as shown in Fig. 16 (a) and Fig. 16 (b), respectively.

Fig. 17 shows that the proposed SMC method achieves
near-unity power factor as a result of the in-phase of the
voltage and current waveforms. Fig. 18 indicates that the
steady-state errors of the DC output voltage of the con-
verter is eliminated and the DC output voltage trajectory
approaches the reference voltage at 300 V as the results
with the compensated load current method.
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Fig. 16 Waveforms of DC output voltage and line current
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Fig. 17 Waveforms of phase voltage and phase current input with
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Fig. 18 Test results of the DC output voltage at changed load from
300 © to 150 © with compensated load current method

The chattering effect occurring in the sliding mode
with the controlled three-phase converter via the conven-
tional method and the ERRL method is compared in
terms of THD of the current waveforms as presented in
Fig. 19 and Fig. 20. Fig. 19 shows that the harmonic level
in term of THD of the current waveforms with a conven-
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tional method is 22.57 %, while the THD of the current
waveforms with the proposed method is 17.13% as
shown in Fig. 20. It can be clearly seen that the THD of
the proposed SMC is less than those for the conventional
SMC, illustrating the effectiveness of the ERRL tech-
nique in chattering reduction.
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Fig. 19 THD results of the current input: conventional method
(Fundamental (50 Hz)=0.405 6, THD=22.57%)
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Fig. 20 THD results of the current input: proposed method (Fun-
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9. Conclusions

This paper proposes a new technique to control a three-
phase AC/DC converter by considering both the control
method via SMC and the multi-input control structure.
The SMC technique with the ERRL has been discussed.
The ERRL structure provides a mechanism for automati-
cally adjusting the effective gain, which is impossible to
adjust with the conventional SMC approach. The effect-
ive gain increases when the system state is far away from
the sliding surface, resulting in fast reaching time. The
gain decreases when the system trajectory is in the vici-
nity of the sliding surface, giving rise to chattering reduc-
tion. Each of the ERRL parameters, namely K, o, and g,
has its own purpose. The parameter x is for adjusting the
chattering level, whereas o is for specifying the reaching
time. The choice of K can be made to maintain the ro-
bustness of the system in the face of system uncertainties.
The proposed RL is not too complicated in comparison
with other RLs, which makes implementation an easy
task. The ERRL technique is applied to control the three-
phase AC/DC converter with the multi-input control
structure. The multi-input control structure reduces the

undersigned effect of the time constant and the complex-
ity of the relationship of parameters in each loop that oc-
curs in the cascaded control structure. The experimental
results are compared with the results from the conven-
tional SMC under the same experimental conditions. The
effect of chattering can be seen from the ripples of the
voltage and current waveforms. The comparison shows
that the THD of the proposed SMC is less than those for
the conventional SMC, illustrating the effectiveness of
the ERRL technique in chattering reduction.
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