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Abstract—This article presents a new switching strategy
for a unity power factor rectifier (UPFR) using sliding-mode
control (SMC). The traditional SMC in the natural frame
suffers from a cross-coupling problem among controllers
due to the neutral point voltage. To address this issue, a
nonlinear transformation is applied to obtain the voltages
and currents in a new 2-D reference frame. Based on the
transformed variables, a nonlinear model is derived, and
two different sliding-mode surfaces are designed using
hysteresis band comparators. The nonlinear transformation
is based on a switching strategy that not only avoids the
cross-coupling problem but also injects a third harmonic in
the control signal, providing an extended control range. As
a result, a SMC is designed, providing relevant properties
such as output voltage robustness, fast transient response
against sudden load changes, and grid-voltage sags. Ex-
perimental results are provided to validate the theoretical
contributions of this article.

Index Terms—Nonlinear control, sliding-mode control
(SMC), third-harmonic injection, unity power factor
rectifier (UPFR).

[.  INTRODUCTION

HE unity power factor rectifiers (UPFRs) are widely em-
T ployed as active front-end converters. Usually, the ac to
dc conversion is done using a diode full-bridge rectifier which
is the simplest solution, but it provides a low power factor and
grid harmonics.
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The control of UPFR has been addressed using various meth-
ods such as model predictive control (MPC) [1], [2], [3], fuzzy
control [4], [5], neural networks [6], and one-cycle control [7].
However, limited research has been conducted on SMC using
hysteresis comparators [8], [9]. The approaches of SMC with
hysteresis comparators are based on forcing the sliding surface
within a hysteresis band [10], [11], [12]. Besides, the solutions
based on hysteresis comparators usually are designed in the
natural reference frame using one controller for each phase-leg
resulting in sliding losses and a variable switching frequency
due to the interference among controllers [13]. Moreover, the
conventional SMC with hysteresis comparators makes it diffi-
cult to extend the control range, contrary to the conventional
modulation methods such as PWM and space-vector modula-
tion [14], which allows to extend the control range and to reduce
the capacitor voltage value [15].

Some solutions were proposed in the literature to solve the
interference between controllers and to fix the switching fre-
quency. In [16] and [17], a feed-forward calculation of the
hysteresis bands is adopted to reduce the interference among
controllers. In [18], a linear transformation is used to decou-
ple the controllers, but this implementation depends on the
converter parameters. In [19], the authors propose variable-
band hysteresis using analog current controllers to achieve a
similar harmonic performance as a space-vector modulation.
The greatest difficulty of implementing these controllers is the
cancelation of high-frequency control signals. To avoid these
problems, some sliding-mode control (SMC) solutions can be
found in the literature. In [20] and [21], an SMC with a Kalman
filter is used to remove the interference among controllers with
the advantage that the proposed decoupling method is prac-
tically independent of the system parameters. However, the
implementation of this algorithm requires a high computational
burden. Based on a vector operation technique, an alternative
approach is presented in [22]. This approach solves the coupling
problem using a switching scheme that has the advantage of
reducing the commutation losses but reduces the control range.

It is well known that the control range can be augmented
by injecting a third harmonic in the PWM signals or using a
space-vector modulator [23], [24], [25], [26], [27], [28], [29].
This technique is an open topic in hysteresis controller design.
In [19] and [30], a third harmonic is added in the hysteresis
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TABLE |
COMPARISON
[19] [20] [21] [22] proposed
Control Dead-Time Compensation and ~ Kalman Estimator P\I/.WHI};I fefld—forwerdigShgc, PI, SMC, and Variable P\I/‘ “‘I?tlill felid_fqudl’;hg(;’
Approach Variable Hysteresis Bands and SMC artable Hysteresis Bands, Hysteresis Bands ariable Hysteresis Bands,

PP and Switching Decision Algorithm and Switching Decision Algorithm
Implementation Analog and Digital Digital Digital Digital Digital
Imgé:::jgi?gon High High Low Medium Low

Coggrudl:rtlion Low High Low Low Low
Load Variation Yes Yes Yes Yes Yes
Voltage sags No No Yes No Yes
Control Range Extended Extended Reduced Reduced Extended
controllers to obtain a wider control range. In [20], a switching io
surface that includes the neutral point voltage is defined to uil'%} uilg} U_I +
impose a third harmonic in the control signals. Va Lo, B == g
Table I compares the proposed method with previous ap- | _ L
proaches to solving the cross-coupling and control range lim- v, = SR
its. Some of these solutions, such as the analog design of the i +
controller in [19] and the use of a Kalman filter in [20] result % " i Y —= oC
in higher complexity implementations. Also, the Kalman filter 4'(& _li& = -
in [20] increases the computation burden considerably. In [21]
and [22], similar approaches are proposed. Both use a feed- Fig. 1. Circuit diagram of a three-phase UPFR.
forward term to ensure a good dynamic response but only [21]
is designed to be robust during voltage sags. Concerning the
control range, Holmes et al. [19] and Guzman et al. [20] offer I % — up — Yo up + v )
the same control range extension as the proposed method but dt 2 "
at the cost of higher implementation complexity and a high di, Vo
computation burden, respectively. In [21], the control range qr Ve T pUe T Un )
is not extended. In [22], the commutation losses are reduced dv U w, U
at the cost of limiting the control range. All the comparison % = L4 =iy + —ie — o 4)
. dt 2 2 2
methods are robust against load changes but only [21] and the h i< th 1 vol q
proposed method are robust against grid-voltage sags. Regard- where vy, 15 the neutral voltage expressed as
ing the proposed method, it can be implemented using a low Oy = @(ua + up + ue) (5)

computation burden providing a good dynamic response and
excellent robustness against load variations and grid-voltage
sags and an extended control range.

This work contributes not only to the control of UPFR con-
verters but also proposes a new switching strategy that over-
comes the aforementioned limitations. To this end, a nonlinear
transformation and a UPFR model are derived in a bidimen-
sional reference frame. This approach allows for designing free-
interference controllers, addressing the limitations associated
with traditional SMC using hysteresis comparators.

This article is organized as follows. Section II shows the
three-phase UPFR model. Section [II presents conventional
SMC. Section IV shows the proposed switching strategy.
Section V gives the experimental results of the designed control
algorithm. Section VI concludes the article.

Il.  THREE-PHASE UPFR MODEL

The circuit diagram of a three-phase UPFR is presented
in Fig. |. The analysis of this circuit leads to the following
differential equations:

di
Lﬁ = Uaq — @Ua + v

dt 2 .

6
being uq, up, and u. € {—1, 1}, vg, vp, and v, are the natural
components of the grid voltages, i, 75, and 7. are the abc com-
ponents of the grid current, ¢, and v,, are the output current and
output voltage, and L and C' are the inductance and capacitor
values, respectively.

[ll. CONVENTIONAL SMC

To ensure a unity power factor, the switching surfaces should
be defined as

(6)
(7

where the subscript i = [a, b, ¢] indicates the phase-leg and k is
a control gain, conventionally implemented by a PI controller.
Using (1)—(7), the sliding dynamics can be represented by

. 1 UV, d(k:vz)
Si=g (w-Fu+g a o ®

The cross-coupling problem is evidenced by the sliding-mode
dynamics equation (8), where each phase-leg (a, b, and c) is
affected by all the three control signals (u,, up, and u.). This
issue will be addressed in Section ['V-B.

. e
Si =11 — 1

<k
1; = kv,

Uo

(uq + up + uc)) —
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To study the control range of the conventional SMC, it is
necessary to analyze the equivalent control expressions. These
expressions play a similar role to the duty cycle in PWM
converters and can be derived from the invariance conditions
S=0and S=0 [31]. Applying these conditions to (8), and
considering teq, + Ueq, + Ueq, = 0, leads to

vo<v7’_L 7 > C))

These equivalent control signals are a function of the grid
voltages defined as

Ueq; =

Vg = V) sin (wt) (10)
vy = V) sin (wt — 2m/3) (11)
Ve = V) sin (wt — 4m/3) (12)

where V), is the grid-voltage peak value and w is the grid
frequency. Then, using (10)—(12) in (9)

Ueq, = 2A sin (wt — 6) (13)
2
Ueq, = 2Asin (m - ?” - 9) (14)
. 47
Ueq, = 2Asin (wt -3~ 9) (15)
where

Vo
A="2/1+ (Lkw)? (16)

Vo
6 = tan ~' (Lkw) (17)

being V), the peak grid voltage and 6 the phase shift. Tak-
ing into account that the equivalent controls are limited by
the minimum and maximum values of the control variables
(13)—(16), that is, —1 < u.q, < 1, the output voltage must ac-
complish the following inequality to avoid the saturation of the
controller:

Vo > 2V /T + (Lkw)?.

This expression shows the minimum output voltage to avoid
the controller saturation for the conventional SMC. Besides, the
phase shift (17) is relevant to the proposed switching strategy
to extend the control range and its influence on the proposed
control will be detailed in Section [V-G.

(18)

IV. PROPOSED SWITCHING STRATEGY

To avoid the drawbacks previously mentioned, the proposed
SMC uses only two switching surfaces avoiding interferences
between controllers. Through a suitable selection of the con-
verter switching scheme, it is possible to include a third har-
monic in the equivalent controls.

Fig. 2 shows the proposed sliding-mode controller block
diagram. Previously, the first harmonics of the grid voltages
are measured to generate the inductor current references. Then,
the controller is implemented in a new reference frame, named
1-2 reference frame. The first block implements a nonlinear
transformation to obtain inductor currents, and grid voltages in
1-2 reference frame, from input currents and voltages in the

Hysteresis
Band Modulator

"' (61)-(62)
SMC Sia

Labe gy of Non-Linear |vi2 ) ’
i Transformation |, Tnner Loop T U1z MO&};};NH Ugbe
e (27) (35)-(36)
ayz Tk Yz
Vi
Yo Outer
i Control Loop
o
ey (49)
. Sextant
b g/ »  Selection
(19)-(21)

Fig. 2. Proposed SMC scheme in 1-2 reference frame.
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Fig. 3. Functions zyz and phase-to-phase voltages.

natural frame. In the second block, the switching surfaces S
and S, are implemented in conjunction with variable hysteresis
band modulators to obtain fixed switching frequency and to
determine the control signals u; and w,. Besides, the input
current amplitude control k is implemented in the outer control
loop block to achieve robustness in the output voltage against
load step changes and grid-voltage sags. Finally, a modulator
generates the control signals u,, up, and u. in the natural
reference frame.

The switching control technique is based on dividing the line
cycle in sextants according to the sign of the following variables
named z, y and z which are defined as:

= 8gn(VahVea) (19)
y = sgn(VpeVeq) (20)
2 = sgn(VapUpe) 21

where sgn denotes the sign function and vy, vpe, and v., are
the phase-to-phase grid voltages expressed as follows:

Vap = V3V, sin (wt + 7/6) (22)
Vpe = V3V, sin (wt — 7/2) (23)
Vea = V3V, sin (wt + 57/6). (24)

The functions z, y, and, z are represented in Fig. 3. The sign
of these functions determines which one of the three possible
switching schemes is used. Besides, to control the states of the
converter switches, two new control variables u; and u, are
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(a) (b) (c

Fig. 4. Switching schemes and control actions for (a) z = 1
and (c) z = 1, according to Table |I.

used. The value of these control variables determines the state
of the switches. When a control variable is 1, the corresponding
switch is in ON state and when is —1 the switch is in OFF
state. Fig. 4 shows these switching schemes where the new
control variables are depicted. As can be seen in Fig. 4, the
switches of one phase-leg are controlled by using u; and %;, and
the remaining phase-legs are controlled by bipolar switching
using the control variables u, and @, being 4, = —sgn(u;) and
@, = —sgn(uy). In Table 11, each switching scheme is selected
following the next procedure.

1) When x = 1, the phase-legs b and ¢ are controlled by u;
using a bipolar switching scheme and the phase-leg a is
controlled by u;.

2) When y = 1, the phase-legs a and b are controlled by u,
using a bipolar switching scheme and the phase-leg c is
controlled by w;.

3) When z = 1, the phase-legs a and c are controlled by u,
using a bipolar switching scheme and the phase-leg b is
controlled by wu;.

A. Nonlinear Transformation

Table II shows for each x, y, 2 combination the non-linear
functions f; and f,. Each function can represent currents or
voltages in 1-2 reference frame. In this table, the function f;
is related to the independently controlled phase-leg and, f> is
related to the phase-legs that use the bipolar switching scheme.
According to Table II, these functions can be expressed as

x4l y+l, 2+

fl* B fa+ ) fb+ ) fc (25)
=" 0+ S - )
+ 22— ) 26)

where f,, f, and f. represent currents or voltages indistinctly.
Taking into account that f, + f, + f. =0, the transformation

can be expressed as
ff_lie—y =z-y||fa
Ll 2 2W—2) -z [fi]
Fig. 5 shows the voltages v; and v, in the new reference frame

using (27). As it can be seen, the sign functions provoke dis-
continuities in these voltages each 60°.

27)

B. UPFR Model in 1-2 Reference Frame

When the proposed switching control strategy is applied
to a three-phase UPFR, three different switching schemes are
derived. The dynamic equations in the natural frame for the
first switching scheme shown in Fig. 4(a) can be obtained from
(1)—(5), Table II and considering that u, = —uy,

Ldia

4%:%7%%+% (28)
L% =vp — %Ub + Un (29)
L%:%+%w+% (30)

d;to = i+ iy i) — o 31)

From the previous equations, it is accomplished that
VUp = (V6/6)Uq.

Subtracting (30) from (29) and identifying from Table II that
V] = Vg, V2 = Vp — Vg, 1] = Ug, 92 = 1p — le, U] = Ug, and upy =
up = —Ue, leads to

LE (%] ?U] (32)
di

Ld—t2 = V) — VoUn (33)
dv, uy . uy | .
- ?zl + 722 — 1. (34)

The previous equations constitute the three-phase UPFR model
in 1-2 reference frame since identical results are obtained for
the remaining switching schemes. Note that in this model, the
inductor currents differential equations only depend on its own
control variable. This model provides a proper mathematical
description of the converter and will be used to design a SMC in
this reference frame without interference between controllers.
This solution will allow fixing the switching frequency by using
variable-band hysteresis modulators.

C. Controller Design

Two different control loops are used for controlling a UPFR.
The inner control is responsible for tracking the first harmonic
of the grid voltages assuring a unity power factor. The outer
control loop has as main objective to regulate the output voltage.

1) Inner Control Loop: To achieve sinusoidal input currents
in phase with the grid voltages, the following sliding surfaces
are proposed:

. .
Sy =11 — 1

. -
Sg =1 — 1

(35)
(36)

where 4, and 4, are the input currents and 7] and 5 are the
reference currents defined as

(37)
(38)

ZT = km

Z; = k'Ug
being v, and v, are the grid voltages in 1-2 reference frame and
k is the input current amplitude.

2) Outer Control Loop: This controller is designed to reg-
ulate the output voltage ensuring a fast dynamic behavior that
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TABLE Il
SWITCHING SCHEMES, NONLINEAR FUNCTIONS, AND CONTROL ACTIONS ACCORDING TO THE SIGN OF z, y, AND 2

Sign Switching Scheme Nonlinear Transformation Control Actions
Independent Bipolar
oy Switching Switching h 12 o o e
1 -1 -1 a b ¢ fa  fo— fe wr Uy U
-1 1 -1 c a b fe  fa—1Jo Uy Uy Ul
-1 -1 1 b c a fo fe—ta U ur U

N
\
1
/
N
i
/

Voltage (pu) Voltage (pu)

time (s)

Fig. 5. Voltages in 1-2 reference frame.

avoids the distortion of the input currents. The fast dynamic
response under load step changes and disturbances can be
met by introducing a feed-forward term in the controller. To
this end, the equivalent control expressions should be derived
using (32)—(38)

Ueq = vi (vl - Ld(’;")) (39)
Ueqy = U—lo (vz - Ld(S:Z)). (40)

Then, the output voltage dynamics can be obtained using
(39)—(40) in (34), which leads to

dv, k dk 3v} 403
o= (1 -ra) (M

Ced (nied)

v, dt 2 o

For a general case, the grid voltages in the natural frame can
be expressed by their positive and negative sequence as

(41)

v = V1sin (wt) + V7 sin (wt + ¢) 42)
vp =V Tsin (wt —27/3) + V~sin (wt +27/3 + @)  (43)
ve =V sin(wt —47/3) + V" sin (wt +47/3 + ¢) (44)

where ¢ is the phase angle of the negative sequence relative
to the positive sequence and the parameters V* and V'~ are
the positive and negative grid-voltage amplitudes, respectively.
Now, considering (42)—(44) and Table [I

24 o2
vy + vy

3 (21+v12,+v5)

v,
_ % <V+2 + V22V VT cos (2wt + ¢))~ (43)

Substituting (45) in (41) leads to

oo _ 3t (1 —Ldk> (v v

dt — 2v, dt
—2VTV = cos(2wt + ¢))
- 3LK?

(4wV TV =sinQwt + ¢)) —ip.  (46)

Vo
Notice that (46) depends on the derivative of k. The dynamics
of v, can be rewritten by considering 1> L(dk/dt) which is
a widely accepted approximation [32], yielding

dv 3k 2 2
o _ + =2 _Hyty-
pTET (V +V VTV cos(2wt+¢))
3LK?
- (4wV TV 7sin(2wt + ¢)) — io. 47)
Vo
Averaging the previous equation, it leads to
d{v,) 3k 2 _2 .
~ Vv — (io 48
dat 2(vo>< V)l @)

where (v,) is the average value of the output voltage. This
equation allows to conceive an input current amplitude control
k, which linearizes the average output voltage dynamics under
asymmetrical faults and load step changes. The proposed con-
trol gain k is given by

), >«@w:<%»

+m/m—@ma+m»

where k,, and k; are the control gains and i, is a feed-forward
term of the output current. The positive and negative sequence
amplitudes are obtained using a sequence detector [33], [34].
Substituting (49) in (48) leads to

d(vo)

(49)

CRE k(v = {wol) s [ (0]~ o))t (50)
Then, the closed-loop dynamics equation can be found
d2 <UO> kp d<’UO> kl kl
—= — (o) = =v,". 51
i T Ca el et O

The control gain k linearizes the v, dynamics and guarantees
stable dynamics if k,, and k; are positive values. This controller
provides a high output voltage robustness against load changes
and grid-voltage sags.
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D. Control Law

In the sliding control, the sliding mode reaching conditions
guarantee the existence of the sliding regime [35]. These con-

ditions are often given by
S;S8; <0 (52)

where j = 1,2. The first derivative of the surfaces can be ob-
tained using (32)—(36) and can be expressed as

. 1 Vo d(kv
= 7 (i = ) - 5 53)
. 1 d(kv
Sz = Z (1}2 — ’UOUQ) — (dt2) (54)
where the control variable u; can be defined as
+ .
iS5 >0
ul{u;, if S, <0 (55)

being u; € {—1,1}.

Applying (55) to the reaching condition (52), the control law
can be determined as follows.

If Sy > 0, then S; < 0 and u; = u"

.1 Vo 4 d(kvy)
Sl—z(vl—?u])— <0, (56)
If S; <0, then S; >0 and u; = Uy
. 1 Vo _ d(kvy)
Sl—f(vl—?ul)— >0, (57)
From (56) and (57), one has the following:
Vo , _
3—L(u1 —uf) <0. (58)

From this expression, the control law for the switching surface
S| can be expressed as

+ o .
_Juy = 1, if S1 >0
“1_{%:—17 if S, <0. (59)
Following similar steps for the switching surface S5:
+ .
_Juy =1, ifS>0
“2_{u;1, if S, < 0. (60)

E. Variable Hysteresis Band Modulator

To obtain a practically fixed switching frequency, a hysteresis
band generator was implemented together with a switching de-
cision algorithm. The expressions of the hysteresis bands using
hysteresis comparators are obtained using a similar procedure
to that proposed in [19], [21], obtaining

v RIS 2
hi=—2[1=
' 2L few ( (v) )
v (%] 2
hy = ° 1—(—
T ALfw ( <v> )

where f,, is the switching frequency, and h; and h, are the
width of the hysteresis bands.

(61)

(62)

F. Modulator

To determine the state of the switches, it is necessary to
obtain ug, up, and u. through a transformation applied to the
control variables u; and u,. Table II represents the relationship
between the control variables in the natural frame and the 1-2
reference frame according to x, y, and z. Following Table II,
the control variables in abc frame are given by

x4l y4l ozl

Ua = —5—Ul+ "5+ —— (63)
r+1 +1 z+1

w=— u2+y2 0+ (64)
r+1 _ +1 z+1

e =" U2+y2 W+ S, (65)

The previous expressions constitute the modulator equations
and can be represented in matrix form as

Ug 1 r+1 y—=z "
u | == |z+1 z—y {ul} (66)
Ue y+1 z—=x 2

G. Equivalent Controls and Third-Harmonic Injection

This section is dedicated to show that the proposed SMC
produces the same effect of a third-harmonic injection of the
grid frequency in their equivalent controls. To evaluate the
equivalent controls in abc reference frame is necessary to ana-
lyze in detail the modulators performance during a grid period.
Every equivalent control signal in the natural frame adopts three
different expressions in half grid period, one for each possible
switching scheme (z =1, y =1, and z = 1). As an example,
from Table I1, and according to (39)—(40), the equivalent control
signal for the phase-leg a can be derived as follows:

3 (Ua _ Ld(k%))
Vo dt

Ueqq |z=1= Ueq; =

=3Asin (wt — 0) (67)
Ueq, |y=1= Ueq, = vio (vab — LW)

=/3Asin (wt — 0 + 7/6) (68)
Ueg, |z=1= Ueq, = vio (—vca — LW)

= —V/3Asin (wt — 0+ 57/6) (69)

where A and 6 are defined in (16) and (17). Following a sim-
ilar procedure, the equivalent controls for phase-legs b and ¢
can be obtained. Table III shows the three equivalent control
expressions for each control scheme and phase-leg.

Fig. 6(a) depicts x, y, z and uq, considering 0 =0. As
shown in this figure, the switching control technique extends the
control range since it produces a similar effect of introducing
a third harmonic in the control signals. Fig. 6(b) shows .,
with 6 = 20.65°. In this case, u.q, is distorted due to 6 # 0. To
obtain the waveform without distortion, the functions x, y, and
z will be delayed 6 in the implementation.

To calculate the control range extension, it is necessary to
obtain the maximum values for the equivalent control signals
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TABLE Il
EQUIVALENT CONTROL ACTIONS IN abc BY CONTROL SCHEMES

X y Z Uegq,, Ueqy, Ueq,

-1 -1 3Asin (wt — 0) —V/3Asin (wt — 0 +7/2)  /3Asin (wt — 0 + 7/2)
-1 1 -1 V3Asin (wt — 0 4 7/6) —V/3Asin (wt — 0 +7/6)  3Asin (wt — 0 — 47 /3)
-1 -1 1  —/3Asin(wt—0+57/6)  3Asin(wt —0—27/3)  /3Asin(wt — 0+ 7/2)

v, s 0 U, 5,
0.56
0
-0.56
- 1
0 0.01 0.02 0.03 0 0.01 0.02 0.03
time (s) time (s)
(a) (b)

Fig. 6. Equivalent control signal weq, with (a) 6 =0° and with
(b) 6 =20.65° considering L =5 mH, k = 0.2 and w = 2760 rad/s.

using the conventional SMC and the proposed method. It can
be deduced from Table III that the maximum value for the
equivalent controls are given by

ueq@'max |proposed - \@A

where i =a,b,c. The maximum value for the conventional
SMC equivalent controls can be deduced from (13)—(16)

(70)

(71)

Ueq;,ux |conventional =2A.

From the previous expressions, it can be seen that the proposed
technique allows increasing the equivalent control maximum
value to 2/+/3 ~ 1.15 without saturating the controller, which
represents an advantage against the conventional SMC.

V. EXPERIMENTAL RESULTS

This section presents the experimental tests implemented on
a three-phase rectifier prototype built using a 2.3-kVA Guasch
MTL-CBIO060F12IXHF full bridge as the power converter and
a TMS320F28M36 floating-point DSP as the control platform.
The grid voltages have been generated using a PACIFIC 360-
AMX source. The system parameters are listed in Table V.
A photograph of the experimental setup is shown in Fig. 7.

A. Axis Decoupling

Fig. 8(a) shows the sliding switching surfaces S,, Sy, Se
and their corresponding control signals u,, up, and wu, using
a conventional SMC. As can be seen, the system is coupled
since the change of the slopes on the sliding surfaces is not
synchronized with their control actions. Equation (8) shows
how the sliding dynamics for each phase-leg is influenced by the
remaining control actions. In Fig. 8(a), each phase-leg control
signal is not switching during a long period of time, lead-
ing to sliding losses. On the other hand, Fig. 8(b) shows the
switching surfaces S| and S, and the control actions u; and

TABLE IV
SYSTEM PARAMETERS

Symbol Description Value
L Filter input inductance 5 mH
C Output capacitor 1000 pF
Vo DC-Link voltage 220 V
fs Sampling frequency 30 kHz
fsw Switching frequency 5 kHz
forid Grid frequency 60 Hz
Vg”d Grid Voltage 50 Vims
kp Proportional gain 0.002
ki Integral gain 1
Ry, Load 134 Q

Fig. 7. Photograph of the experimental setup.

L0 1
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? — U 0.19 0.191 0.192 0.193 0.194 0.195
0
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N

o

'
-

time (s)
19 0.191 0.192 0.193 0.194 0.195
time (s)
(@ (b)

Fig. 8. Experimental results for sliding surfaces and control signals.
(a) Conventional SMC. (b) Proposed SMC.

uy using the proposed control. In this case, the changes in the
slopes of the switching surfaces coincide with the changes in
the control signals, which proves that the system is decoupled
avoiding sliding losses. The latter confirms that each sliding
dynamic equation (53) and (54) only depends on its control
actions u; and us.

Fig. 9 depicts the switching surface S| and S,, (35)—(36),
and their corresponding hysteresis bands ki and h,, (61)—(62),
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Fig. 9. Experimental results for sliding surfaces S, and S, and the
variable hysteresis bands h; and h;.
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Fig. 10. Experimental spectrum for control signals. (a) Conventional
SMC. (b) Proposed SMC.

respectively. It can be seen that the switching surfaces are
practically inside their hysteresis bands.

Fig. 10 shows the experimental switching frequency spec-
trum using the conventional SMC and the proposed method.
The conventional SMC suffers from variable switching fre-
quency since no variable hysteresis bands can be used due
to the interference among controllers. As a consequence, a
spread switching frequency spectrum is obtained as shown
in Fig. 10(a). Besides, with the proposed method, a variable
band hysteresis modulator is used. Then, the switching fre-
quency spectrum is concentrated around the desired switching
frequency of 5 kHz as shown in Fig. 10(b).

B. Harmonic Distortion

Fig. 11 shows the harmonic spectrum of the grid current for
the phase-leg a. The spectrum using the conventional SMC
is shown in Fig. 11(a) and its THD is 1.077%. In contrast,
when the proposed controller is employed, the THD is re-
duced to 0.489%. This proves the effectiveness of the proposed

o
o
o

10 15 20 25 30
Harmonic Order

(a)

0.2

I THD=0.489%

0.1r

Current (A)

0 5 10 15 20 25 30
Harmonic Order

(b)

Fig. 11. Experimental THD of grid current i,. (a) Conventional SMC.
(b) Proposed SMC.

Voltage (V)

Current (A)

100 ! ! ! I | I ! | .
0.4 0.41 0.42 043 044 045 046 047 0.48  0.49 0.5

time (s)

)

Fig. 12. Phase-a input voltage (20 V/div) and inductor current (8 A/div)
in phase during a load step change from 372 to 1180 W. (a) Simulation
result. (b) Experimental result.

method. Notice that the fundamental component is not rep-
resented to obtain a higher resolution in the rest of the har-
monic components.

C. Dynamic Response

The proposed controller is tested during a load change from
372 to 1180 W. Fig. 12 shows the simulation and experimen-
tal results for the input voltage and current for the phase-leg
a. In both cases, the dynamical response is similar, proving
that the input current tracks the grid voltage, ensuring a unity
power factor.

Fig. 13 shows the output voltage dynamic behavior and con-
trol amplitude k& with and without feed-forward term during a
load step change from 372 to 1180 W. In Fig. 13(a), the input
current amplitude controller is based on a PI controller without
a feed-forward term. In this figure, the amplitude control of the
input current gain k evolves smoothly, producing a significant
drop in the output voltage as can be seen in Fig. 13(a). The
same experiment is performed in Fig. 13(b). In this case, a
load current feed-forward control is used (49). In Fig. 13(b),
the transient response of the gain k is almost instantaneous and
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Fig. 13. Experimental result for output voltage (3V/div) and gain &
during a load step change from 372 to 1180 W (a) without feed-forward
term and (b) with feed-forward term.

i [;S?ESOW‘T@"@

\‘.

Fig. 14. Experimental results during an asymmetrical fault (V1 =
0.65V, and V'~ = 0.12V},): (Top) grid voltages (50 V/div), and (bottom)
grid currents (5A/div) and output voltage (30 V/div).

the output voltage is practically not affected by the load change
as shown in Fig. 13(b).

The proposed controller has been tested under a grid-voltage
sag. This sag is characterized by the positive and negative
sequence of the grid voltages being V't =0.65V, and V~ =
0.12V,, (42)—(44), with a phase angle ¢ = 0. Fig. 14 shows the
output voltage and the three-phase input current and voltage
waveforms during the voltage sag. The figure shows that the
inductor currents track the unbalanced grid voltages and the
output voltage is practically not affected by the disturbance. It
can be appreciated that the grid currents track the unbalanced
grid voltages during the fault and the output voltage presents a
ripple frequency component of 2w,, as expected.

D. Control Range Extension

The control signal u, has been measured experimentally and
its value can be 0 or 5 V. This signal is filtered to obtain its
average value u.,,. Fig. 15(a) shows u.,, for a conventional
SMC. Fig. 15(b) depicts 4, for the proposed control. As can

- 15.000ms/div}. --[5.000ms/div}.

ASFatEa T

sV e

NN L
(.-'sl)A T (b)

Fig. 15.  Experimental result for ucq, (625mV/div) with (a) conventional
SMC and (b) proposed control method.

be seen in Fig. 15, the amplitude of u.,, is reduced from 2.96
to 2.56 V with the proposed method increasing the equivalent
control maximum value by a factor of 1.15 (70)—(71).

VI. CONCLUSION

In this article, an SMC control technique is proposed for
three-phase UPFRs to solve the interference among controllers
and extend the control range. Compared to other control
schemes, this proposal has a better dynamic range and per-
formance under sudden load changes and grid-voltage sags. In
addition to this major contribution, the other results of this work
have the following.

1) A new reference frame based on a nonlinear transforma-

tion which avoids interference among controllers.

2) The proposed SMC provides a unity power factor with
high insensitivity of output voltage against sudden step
load changes and grid-voltage sags.

3) Fixed switching frequency is obtained using variable hys-
teresis bands and a switching decision algorithm.

4) Experimental validation of the proposed control shows
decoupling between controllers, a fast dynamic response
and an extended control range.

Future work may explore the application of the proposed

nonlinear transformation to other power converters.
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