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ABSTRACT This paper proposes grid voltage sensorless model predictive control for a single-phase T-type
rectifier with an active power decoupling circuit. The proposed sensorless technique is based on a model
reference adaptive system (MRAS) and tested under distorted grid conditions. This study also examines
the relationship among the ripple energy, the dc-link capacitor, and the active power decoupling circuit
capacitor. The developed control technique is proposed to ensure the following objectives; (1) sensorless grid
voltage estimation; (2) the second-order ripple power elimination; (3) reference current generation based on
power equilibrium; (4) ensuring unity power factor under all operating conditions; and (5) capacitor voltage
balance. The developed control structure offers simplicity and it is cost-effective due to the absence of a grid
voltage sensor. An experimental prototype is established, and the main results, including the steady-state and
dynamic performances, are presented to validate the effectiveness of the proposed control.

INDEX TERMS Sensorless control, model predictive control, active power decoupling, single-phase PWM

rectifiers.

I. INTRODUCTION
In the last few decades, there has been a dramatic

increase in using pulse-width modulated (PWM) rectifiers
in single-phase systems as they play a pivotal role in vari-
ous applications e.g., battery chargers, uninterruptible power
supply (UPS), and light-emitting-diodes (LED). Despite the
single-phase PWM rectifier efficacy and better power quality
profile, they suffer from the second-order (2w) harmonic
currents and corresponding ripple voltages on the dc-link, like
other single-phase converters [1]. In the case of battery charg-
ers, the 2w harmonic current ripple flowing through batteries
results in overheating and premature aging. Consequently,
the single-phase rectifiers require a filtering solution so as to
ensure a smooth dc-link voltage and current [2].

The filtering solutions can be classified into two main
groups, namely passive and active filtering techniques [3].
The main idea of the passive solutions is to attach a large
electrolytic capacitor on the dc-link, and the size of the capac-
itor depends on the pulsating power. Although this passive
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solution is simple and easy to implement, it has some prob-
lems in use. One of the most significant challenges is the elec-
trolytic capacitors’ short lifespan, which significantly has an
impact on the mean time between failures of the rectifiers [4].
Furthermore, the large volume and weight of dc-link capaci-
tors are undesirable from the cost and practicability perspec-
tive. A number of studies have considered the disadvantages
of passive filtering techniques and these studies have pro-
posed active filtering techniques as an alternative to passive
solutions. The basic idea behind active techniques is based on
an auxiliary circuit that diverts the pulsating power from the
dc-link capacitor to another energy storage component such
as capacitor or inductor. This auxiliary circuit eliminates the
deficiency mentioned above by using film capacitors. On the
other hand, active techniques require additional components
(transistors, capacitors, and inductors) that may increase the
system cost and complexity [5]. For that reason, the auxiliary
circuit design and its control structure play an important role
in meeting the requirements for volume and weight critical
applications.

There is a large number of published studies suggesting
active filtering techniques and their control structures [6].
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The active power decoupling topologies can be divided into
two main categories. In the first category, the main power
converter (dc/ac or ac/dc) and active power decoupling circuit
(auxiliary circuit) operate independently [7]. In the second
category, however, the active power decoupling circuit shares
some or all switches with the main power converter [8]. The
control structure of the active power coupling circuit can
either be open-loop or closed-loop. Although the open-loop
control is easy to implement, this control structure is sensitive
to the parameters change. For that reason, it is not robust
against parameter variations. To overcome the weakness of
open-loop control, a number of closed-loop control tech-
niques have been proposed [9]. The proportional-integral
(PD) or proportional-resonant (PR) regulators are widely used
to ensure the active power decoupling circuit voltage and
current tracking performance. However, the design of a stable
closed-loop control algorithm is not straightforward.

The power converters in some specialized applications
such as electric aircraft and electric-drive ships need to be
designed to ensure high power density. Multilevel topolo-
gies bring considerable advantages in such system design
over two-level counterparts for a smaller volume of passive
filters, lower voltage stress on the semiconductor devices,
lower common-mode voltage, and higher conversion effi-
ciency [10]. The most established and commercialized mul-
tilevel topologies are neutral-point-clamped (NPC), T-type,
and flying capacitor (FC) converters. The T-type multi-
level converter is advantages over NPC and FC converters
for lower switching losses, reduced component count, and
increased efficiency. The T-type converter is usually preferred
in low-voltage applications, especially when the efficiency
and cost are critical factors for specific applications. Besides,
there are no clamping diodes in the T-type converters that
result in a smaller component count compared to the NPC
converters [11]. To sum up, the T-type converter takes the
benefits of low conduction and switching losses and low
switching voltage stress. The T-type converter presents low
conduction and switching losses as well as low voltage stress
on the switches [12].

Traditionally, the control system of T-type single-phase
PWM rectifier requires one grid voltage sensor, one line
current sensor, and two voltage sensors for the dc-link capac-
itors [13]. These sensors are relatively expensive compared to
the total cost of the control system and decrease the system
reliability. More recent attention has focused on the provision
of sensorless control of the PWM rectifiers to decrease the
cost of the control system as well as reduce the required
space for the hardware design. There is a large number of
published studies that present the various sensorless con-
trol techniques, including estimating the grid voltages based
on instantaneous power theory [14], sliding-mode technique
[15], state observer methods [16], and virtual flux (VF) tech-
niques [17]. The main disadvantage of these techniques is
that they suffer from a substantial calculation burden. Model
reference adaptive system (MRAS) observers are well known
for sensorless control of induction machines and have many
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advantages compared to other estimation methods [18]. For
that reason, the grid voltage sensorless technique employed
in this study is based on MRAS. The MRAS based technique
uses active and reactive power models to estimate grid voltage
in this study.

To date, several studies have been proposed for T-type rec-
tifier control [13], [19]. In [19], fault-tolerant control strategy
for the T-type rectifier was presented in order to improve
the reliability of the rectifier during an inner and outer
open-switch fault. It was claimed that the proposed tolerant
control technique was advantageous in the dynamic response.
In [13], a sliding mode control approach was proposed in
order to control the dc-link voltage of the three-phase T-type
rectifier. The proposed approach requires a PI controller to
generate line current references. Although the implementa-
tion is easy, using the PI controller in the control system
causes a slow dynamic response, therefore other control tech-
niques are required for further response improvement.

A model predictive control (MPC) approach has been
accepted by many scientists as a powerful control technique
for power electronic converters because of its excellent per-
formance in terms of nonlinear control, multi-objective opti-
mization, and dynamic response. The existing literature on
MPC is extensive and focuses particularly on the control
of power electronic converters in various systems, including
motor control applications [20], photovoltaic (PV) applica-
tions [21], grid-connected inverter applications [22], [23], etc.
Furthermore, the MPC based control technique is proposed to
regulate the line current as well as the dc-link voltage of the
single-phase NPC rectifier [24]. On the other hand, this study
has suffered from a lack of clarity in defining the optimization
problem, and it is not considering the effect of 2w harmonic
current ripple.

In this paper, MPC based control strategy is proposed
for the single-phase T-type rectifier. The proposed control
approach improves overall system performance and effi-
ciency. Experimental investigations are conducted to verify
the proposed system performance. The main contributions of
this study are summarized as follows.

1) The reference current generation is based on
energy equilibrium that eliminates the PI controller.
Thus, the dynamic response of the controller is
improved.

2) The power decoupling circuit is used for buffering 2w
ripple power. This reduces the overall system size and
cost significantly.

3) The grid voltage is estimated by MRAS based sensor-
less observer. This feature increases the system relia-
bility and reduces the overall controller cost and size.

4) The dc-link capacitors voltages are kept balanced
through the developed MPC.

5) The robustness of the proposed controller against
parameter mismatch is studied with parameter varia-
tions.

6) The designed system operates at unity power factor
under all operating conditions.
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The rest of this paper is organized as follows: various
aspects of the single-phase T-type rectifier with the active
power coupling circuit, including the topology, its operation,
ripple energy analysis, and dc-link capacitor analysis, are
detailed in Section II. Then, the proposed control structure
is presented in Section III. After that, extensive experimental
results are presented in Section IV, with conclusions made in
Section V.

Il. SYSTEM MODEL AND ANALYSIS

This section describes the operating principle and mathe-
matical model of the T-type rectifier and the active power
decoupling (auxiliary) circuit as well as the analysis of ripple
energy and the dc-link capacitor. MATLAB 2019b software
was used to create the system model and to conduct the
following analyses.

A. MATHEMATICAL MODEL OF THE SINGLE-PHASE
T-TYPE RECTIFIER

Fig. 1 shows the single-phase T-type rectifier with the 2w
ripple reduction auxiliary circuit. In this topology, the output
voltage (V) must be higher than the peak value of the input
voltage source (vg) to ensure a proper control of the input
current. Therefore, the proposed system works like a boost
converter.

T-Type Rectifier Auxiliary Circuit

S, 1

Vs
Vdc

FIGURE. 1. Single-phase T-type rectifier with an active power decoupling
circuit (auxiliary circuit).

It is clearly seen that the rectifier part consists of eight
active power switches (four switches per-leg). The state of
each switch is defined as

1 ON
Sii = 1
v {0 OFF @

where i = 1, 2, 3, 4 andj = x, y. The rectifier produces
three various pole voltages (+V4./2, 0, and —Vg./2) with
respect to the switching states as shown in Table 1 [25].
The current that flows from the T-type rectifier to the load
is defined as the positive current. According to the current
direction and switching state, there are six current paths that
are depicted in Fig. 2 [19]. The switching functions of the
rectifier can be defined as

S1 =S8 _Sly}

2
Sy = Sox — Sy &
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TABLE 1. Relationship Among the Pole Voltage and Switching States.

S1j Saj Sz S4j Pole Voltage
ON ON OFF  OFF +0.5Vg4,

OFF ON ON OFF 0 o
OFF  OFF ON ON —0.5Vg, N

Operating State

FIGURE. 2. Current paths according to the current direction and switching
state when is > 0; (a) “P,” (b)“0,” (c)”N” and when is < 0; (d) “P,” (e)“0,”
6N,

The input voltage and neutral current can be defined in
terms of the switching functions as follows

vy = S1Ve1 + 82 Ve 3
Iy = Ic2 — Ic1 = (S2 — SDis )

From Fig. 1, the equations of the T-type PWM rectifier can
be written as

dis .
Vs = LsE + rls + Vay (5)
dVe dVea
Ien =C , I =20C 6
cl 1 c2 = (6)

Since V3. = V1 + V2 and assuming that both capacitors on
the dc-link have the same capacitance and are exposed to the
same voltage (Vc1 = Vea = Vg /2), the capacitor currents
are equal but opposite as

Icy = —Ic @)

The capacitor currents in terms of the switching functions and
grid current are obtained as

1
ley = S (Suis = Sais) (®)
1
Icy = E(Szis — S1is) )
The derivative of grid current can be obtained from (5) as
di 1 .
d_: = L_S(Vs — Vxy — Fsis) (10

where ry is the internal resistance of the L.
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B. RIPPLE ENERGY ANALYSIS

To investigate the double-line frequency (2w) ripple energy
on the single-phase systems, the following analyses have been
conducted based on [1]. The input voltage vs and the input
current i; are assumed to be sinusoidal and these can be
represented as

vy = V,sinwt (11)
iy = Igsin (wt — 0) (12)

where Vj is the peak voltage value, I is the peak current value,
6 is the angle between V; and I, and w denotes the angular
frequency of the input voltage supply. The input power can
be formulated as
Vils
2
Using basic energy and power statements, the input induc-
tor Ly energy and power can be written as

Er, = L2 (1) = LI 2sin? (o1 — 6)
P, = stlsz sin (wt — 0) cos (wt — 0)

Pin=vy (1) 5 (t) =

V.
cos 6 — % cos Qwt —0)  (13)

(14)

The rectifier input power can be found by subtracting (13)
and (14)

wLd?
> sin 2wt — 20)

Vil
- cos Rwt — 0) +

P,
(15)

It can be seen that the rectifier input power has two compo-
nents, namely a constant power P, and a ripple power P,. The
constant power P, supplies the dc load Ry, whereas the ripple
power P, is the 2w ripple power, which can be expressed in
the following form.

2.2 2 2
P,:\/V~Y41-Y c0329+(%—% sin9> sinQwt—20+1v) (16)

where
% cosf
Y = arctan 7 v
oLldy Vi -
5+ $*sin6

The rectifier in Fig. 1 is assumed to be lossless; then the
rectifier output power P, equals the constant power in (15).
By this assumption, the peak input current is

2P,
T Vi cos6

By using the 2w ripple power in (16) and the peak input

current in (17), the 2w ripple energy can be expressed as

7)

. \/P(% + ((20LsP2/V2c0s?0) — P, (sin 6/ cos 0))°
r —

w

(18)
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TABLE 2. Parameters of the single-phase T-type rectifier.

Parameter Value
Nominal input voltage (vs) 1202 V
Nominal supply frequency (fs) 50 Hz

Input inductor (Ls, 75) 3 mH, 0.05 Q
DC-link capacitors (Cq and C3) 100 pF’
Auxiliary capacitor (C,) 120 pF°
Auxiliary inductor (L) 50 uH
DC-link voltage (V) 300 V

To eliminate this 2w ripple energy, an alternative energy
storage component such as capacitor and inductance can
be used in the system. The parameters of the single-phase
T-type rectifier given in Fig. 1 are summarized in Table 2.
To investigate the system components on the ripple energy,
the following analyses are performed [1].

The 3D graph in Fig. 3 (a) illustrates the relationship
among the supply frequency, the phase angle, and the ripple
energy under the constant 3-mH input inductor. It can be seen
from the data in Fig. 3 (a) that the frequency has a significant
impact on the ripple energy. What is interesting about the data
is in this figure that the nominal frequency (50 Hz) and the
unity power factor operation result in the highest 2w ripple
energy (E, = 38.04 J). This is the case the T-type rectifier
operates under the system parameters in Table 2 without the
auxiliary circuit.

To investigate the impact of the input inductor on the
ripple energy, the power angle and the input inductance values
are changed gradually under a constant supply frequency
(50 Hz). The result of the analysis is set out in Fig. 3 (b).
The most interesting aspect of this graph is that the 2w ripple
energy reaches its maximum value when the power factor is
unity and the input inductance is 3-mH. Although reducing
the input inductance causes less ripple energy, this increases
the total harmonic distortion (THD) value of the input current.
Looking at Figs. 3 (a) and (b), it is apparent that the minimum
2w ripple energy value is E, = 38.04 J under the system
parameters given in Table 2, regardless of dc-link capacitor
value and rectifier topology.

C. DC-LINK CAPACITOR ANALYSIS

Although the capacitors and the inductors are well-known
energy storage components, the capacitors show better char-
acteristics in terms of energy density for an application using
a few hundred hertz [1]. For that reason, in this study,
the capacitor was selected to eliminate the 2w ripple energy
that was determined in (18). Due to the nature of the capac-
itors, the capacitor voltage fluctuates between the minimum
and maximum values in the charging and discharging cycles.
Thus, the capacitor voltage fluctuation makes it capable of
absorbing ripple power in (15). The dc-link voltage ripple
AV is

\/Pg + ((20LgP2/V2c0s26) — P, (sin6/ cos 6))°

AV =
de 2V4.Crow

19)
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FIGURE. 3. (a) Ripple energy versus supply frequency and phase
angle; (b) Ripple energy versus input inductor and phase angle.

where Cp3 is the dc-link capacitor. To assure 2% voltage
ripple on the dc-link, Cj3 is calculated as 3.17 mF based
on (19) and with the following specifications Vy = 1202V,
P, =10kW, f; =50 Hz, V4. =300 V,and 6 = 0°.

To investigate the impact of the auxiliary circuit in the
power ripple and dc-link capacitor size, the following analysis
is conducted. Now, suppose the ripple power goes to the
capacitor that can be expressed as

P, = P,sinQwt) (20)

where P, is the peak ripple power. By using a power equi-
librium relationship, the differential equation of the auxiliary
capacitor voltage (V¢,) can be expressed as

= 2 21
= t
sm( wt) 21

The auxiliary capacitor voltage can be found by solving (21)

A

Ve, = (k — cos2wt) (22)

C,w
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By using (20) and (22), then, the auxiliary capacitor current
can be written as

IsrsinZa)t
\/ (P, | Caw)(k — cos2wt)

where k (Caa)Véa /15r) -1, > 1. The coefficient k
is defined as the energy storage margin coefficient [1]; its
physical meaning can be stated by

(23)

]il_& 24)
2 E

To better understand the impact of the energy storage margin
coefficient, the voltage and current waveform for various k
values are plotted in Fig. 4 based on (22) and (23). Looking
at Fig. 4, it is apparent that the capacitor is entirely charged
and discharged when k is 1. It means that the energy stored
in the capacitor is equal to the ripple energy. On the other
hand, increasing k results in more sinusoidal voltage ripple
and capacitor current, which means the more excess energy
that is not used is stored in the system. From this analysis,
we can see that the auxiliary capacitor voltage can be charged
from zero to peak value when k is 1. Based on this value,
the minimum auxiliary capacitor size can be calculated by

2P,
Ci= — (25)
V2
Ca

500 T T T T T T T T T

400 - q
< k=3
% 300 =
E’ k=2
= 200
>

100 - L=l i

0 . . . . . . . .

0.2
<
g 0
5
(s}

-0.2

0 2 4 6 8 10 12 14 16 18 20
Time [ms]

FIGURE. 4. Voltage and current waveforms of the capacitor for various k.

As mentioned before, traditionally a bulk dc-link capacitor
is used to limit the ripple energy based on (19) whereas the
active technique is employed to entirely charge and discharge
the auxiliary capacitor to limit the ripple energy [1]. Fig. 5
displays the capacitance size comparison between Cp> and
C,. The calculations are based on (19) for the traditional tech-
nique and on (24) for the active technique. As shown in Fig. 5,
one horizontal coordinate is the dc-link voltage ripple and
another horizontal coordinate is the dc-link voltage value that
the auxiliary capacitor is entirely charged and discharged.
The most striking result to emerge from the data is that the
capacitance in the active technique is 37.5 times smaller
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FIGURE. 5. Capacitance comparison results between the traditional and
active techniques.

than the traditional technique with 2% dc-link voltage ripple
requirement. Please remember that the C> was calculated as
3.17 mF based on (19) to assure 2% voltage ripple on the
dc-link. By using active method, the capacitor size can be
reduced from 3.17 mF to 84.5 uF. To leave some margin,
120 pF auxiliary capacitor C, is used in the system. Please
note that the dc-link capacitors (C; and C5) are still required
for filtering the high-frequency ripple. However, their size is
significantly smaller than in the traditional technique. For that
reason, in this study, the dc-link capacitors (C; and C3) are
selected as 100 uF.

D. AUXILIARY CIRCUIT OPERATION

The auxiliary (power decoupling) circuit is connected at
the dc-link of the single-phase T-type rectifier, as depicted
in Fig. 1. The auxiliary circuit is composed of two power
switches, the auxiliary capacitor C,, and the auxiliary induc-
tor L, that transfers the ripple energy between the C, and the
dc-link. Itis worth mentioning that the main converter (T-type
rectifier) regulates the dc-link voltage, whereas the auxiliary
circuit controls the ripple power in (16).

The operation mode of the auxiliary circuit depends on the
energy transfer between the dc-link and the C,. The opera-
tion modes and waveforms of the auxiliary circuit are given
in Figs. 6 (a) and (b), respectively. In buck mode, the switch
S, is controlled to transfer the ripple energy from the dc-link
to the C,. The dc-link charges both the L, and C, during the
turn-on interval of S,, whereas the L, release its energy to the
C, during the turn-off interval of S,. In boost mode, the switch
Sp is controlled to release the energy from the C, to the dc-
link. The L, is charged by the C, during the turn-on interval
of Sp, whereas the both the C, and L, release energy back to
the dc-link during the turn-off interval of S.

1Il. PROPOSED MODEL PREDICTIVE CONTROL

Fig. 7 depicts the block diagram of the proposed control
technique. The lack of a grid voltage sensor and the fulfill-
ment of many objectives reveals the value of the presented
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FIGURE. 6. The operation modes and waveforms of the auxiliary circuit.
(a) buck-mode, (b) boost-mode, (c) waveforms.

method. The proposed control technique consists of four main
parts, including sensorless grid voltage estimation, reference
current generation based on power equilibrium, MPC for the
main converter, and MPC for the power decoupling circuit
based on instantaneous ripple power control.

A. SENSORLESS GRID VOLTAGE ESTIMATION

The grid voltage estimation is based on MRAS that is a
very attractive solution for sensorless motor drives. The main
idea behind MRAS is to design a closed-loop controller with
parameters that can be updated to change the response of
the system [26]. In MRAS, two independent models, namely,
reference and adaptive models, are used to compute the same
variable. First, the output of the adaptive model is compared
to the response of the reference model. Then, the suitable
controller is used to minimize the error between the adap-
tive model output and the reference model output. Finally,

VOLUME 9, 2021
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FIGURE. 7. Control diagram of the proposed grid-voltage sensorless MPC technique.
the controller output drives the parameter in the adaptive i
. S
model that leads to the adaptive model response to match the " Reference Model | F1. 91
response of the reference model. Vay Eq. (26)
. . . . ——— A . 2
The proposed estimation technique uses active and reac- Visino
tive power exchange between the grid and the rectifier. The \ <+ ) e ke [ ko | Vscoso
. . - N y
reference model for active Py and reactive Q1 powers can be v $
obtained by using a fictitious two-phase (¢ — ) reference B Adaptive Model
frame. Xis Eq. (27) 7,0
1 . . 2, 0>
Pr = (s + vipin) o6 <
0= % (nyﬁ Isa — Vxya is/g) FIGURE. 8. Block diagram of MRAS based grid voltage observer.

where v,y is the rectifier input voltage and it is defined in (3)
and i is the grid current.

The T-type rectifier is connected to the grid through the
input inductance Lg, as shown in Fig. 7. In such a system,
by neglecting the internal resistance r; the active P, and
reactive O, powers can be derived as

_ VyVsing
Py = 2XL,
) ks 27)
Q VX),f VyyVscos
2= 2XL,
Al

It can be seen that the reference model for active and reac-
tive powers can be computed by (26) where all the variables
can be measured or calculated. It is also clear that (26) is inde-
pendent of the grid voltage. On the other hand, although, (27)
can be used to calculate the same active and reactive powers,
it depends on the grid voltage amplitude V; and phase angle §.
For that reason, (27) can be used as the adaptive model. The
computed results of (26) and (27) should be identical under
steady-state conditions. By using this knowledge, the grid
voltage can be estimated.

The block diagram of the MRAS based grid voltage
observer is given in Fig. 8. The error between the reference
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QY

FIGURE. 9. Phasor representation of the grid voltage (vs) and the rectifier
input voltage (vxy).

model (26) and the adaptive model (27) is processed using
a suitable controller to get an accurate estimation of the grid
voltage. The estimated ‘A/ssing and ‘A/Scosg can now be used
to compute the unit vectors cosy and siny. § is the angle
between the vy and vy, and the angle y is equal to ¢ — S
as shown in Fig. 9. Trigonometric identities can be used to
calculate the unit vectors as

cosy = c0s ¢ cos § + sin g 51n§} (28)

siny = sin@ cos§ — cos ¢ sin §
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where
Vxya . VxyB
cosp = , sing = )
Viy Viy
R (175 cos 3) R (VS sin 3)
cosd = ———~, sind = ——+—%,
N VS
where
2 2
Viy =y (vya)” + (vey)

~ ~ A\ 2 ~ N 2
Vs = \/<Vs cosS) + (Vx sin(S) .

Unit vectors cosy and siny in (28) are the same as the unit
vectors generated from a traditional phase-locked-loop (PLL)
structure. Finally, the estimated grid voltage can be expressed
as

Vg = \A/S CoS y. (29)

B. REFERENCE CURRENT GENERATION

In this study, the reference current generation is based on
the energy equilibrium between ac-side and dc-side instead
of the PI controller. Due to the reduced blocking voltage,
the middle switch in the T-type topology shows very low
switching losses, and the input impedance is low. Therefore,
the inductor core loss and switching loss can be very small.
By neglecting power losses in the rectifier, the power equa-
tions of the ac-side and dc-side can be expressed as

* * 0\ 2 2
\%
‘/SIS _ rs( IS ) — dc (30)
2 «/E RL
——
P Py

The reference line current (I;) can be derived from (30) as

2 2
I¥ = & — & — % (31)
S 2r 2r reRp

In (31), the grid voltage V; is estimated from (29), the dc-link
voltage V. is measured by the voltage sensor, and the internal
resistance rg value can be identified by LC meter. On the other
hand, the output resistance R;, is unknown in this equation
since this value depends on the output load. To estimate the
output resistance Ry, Ohm’s law in (32) is employed due to
its simplicity.

Ry =2t (32)
Iy

However, the estimation in (32) goes to infinity when I

is zero at the start-up. For that reason, supposing that at

steady-state operating conditions, the rectifier maintains the

target dc-link voltage with unity power factor, it is crucial to

determine the initial value for R;, .
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C. MPC FOR THE T-TYPE RECTIFIER

It is well known that the main aim of the PWM rectifier
controller is to regulate the amplitude of the output voltage
and ensure the unity power factor by forcing semiconductor
switches to follow the grid voltage using the PLL loop. Apart
from these control requirements, the T-type rectifier requires
to maintain the dc-link capacitors voltages balance (V¢ =~
Vo =& Vg /2) that play a critical role in the success of the
overall control. Therefore, the MPC is used for control of
T-type rectifier since it is a multivariable control algorithm
and tackles multiple control objectives in a single cost func-
tion.

The line current tracking and dc-link voltage regulation
are two control objectives for the presented MPC technique.
These control objectives can be formulated through the cost
function to minimize the error between the control variables
and their references. Considering that the two controlled
variables (line current and dc-link voltage) are tightly cou-
pled. The cost function of the T-type rectifier consists of the
following components:

=+ 1) —isk+ D
+AVerk+1) = Vea (k+ 1D (33)

where i§(k + 1), is(k + 1), and Vci(k + 1) and Vea(k 4+ 1)
indicate the reference line current, the predicted line current,
and the predicted dc-link capacitor voltages at an instant
(k + 1), respectively. In (33), the first term is the current
tracking error and the second term is the voltage deviation
of the dc-link capacitors. The weighting factor A is used to
handle the relationship between reference current tracking
and midpoint voltage balance.

Because of its simplicity, the future behavior of the control
variables is obtained by the forward Euler technique as

de _x(k+1) —x(k)
dt T
where T is sampling time.

By approximating (10) with (34), the discrete-time model
of the line current can be obtained as

. . Is . .
is(k+1)=is (k) + f (Vs (k) — Vxy (k) — ryig (k)) (35)

(34)

Similarly, the discrete-time model of the dc-link capacitors
voltages can be expressed as

Vertk +1) = Verk) + QLCI [S1(k)is(k) — S2(k)is(k)]
Vealk + 1) = Vea(k) + 2T52 [S2(k)is(k) — S1(k)is(k)]
(36)

The algorithm of the MPC for the main converter is given in
Algorithm 1. The first step is to set required initial parameters
such as Ly, rg, C1, C2, and then the switching states and pole
voltages were defined for using into the predictive block (for-
loop). The second step is to predict the future line current
is(k + 1) and dc-link capacitor voltages Vci(k + 1) and
Vca(k + 1) using the measured values of is, V¢,, Vye, and I,
at the instant k£ and the estimated grid voltage V. After that,
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Algorithm 1 MPC for the Main Converter
Input: i¥, i, Vs, Veys Vie, I
Output: Sy, Sox, S1y, S2y
set initial values;
states = [1111; 0111; 0011;........ ; 1100; 0100; 0000];
v = [0;—0.5V4c;-Vie;0.5Viae;05—0.5Vie; Ve ;0.5 Vace;01;
Ver = Vae — Veas
for j = length(v) do
is(k + 1) = ig(k) + ((Ts/Ly) * (f/r —v(j) — (rs * iy)));
Verltk + 1) = Ve (k) + ((states(i, 2) — states(i, 1) —
states(i, 4) + states(i, 3))(Ts(—is — I1))/(2C1));
Vealtk + 1) = Ve (k) + ((states(i, 2) — states(i, 1) —
states(i, 4) + states(i, 3))(Ts(—is — I1))/(2C2));
g2 = abs(i*(k 4+ 1) — is(k + 1))? + A * abs(Vci(k +
1) = Veatk + 1))
if g1 < gopr then

8opt = &1,
Xopt = Js
end if
end for

S1x = states(xppr, 1);
Sox = states(Xgpr, 2);
S1y = states(xop:, 3);
Soy = states(xopr, 4);

the final step is to determine the switching states in Table 1
that can minimize the cost function (g1).

D. MPC FOR THE POWER DECOUPLING CIRCUIT

The control scheme of the MPC for the power decoupling cir-
cuit is shown in Fig. 7. It is worth mentioning that the control
of the power decoupling circuit is independent of the control
of T-type rectifier. On the other hand, both control algorithms
run as parallel in order to ensure the control objectives for the
main converter and the power decoupling circuit.

The voltage on the switch Sp, can take three different values
+0.5Vg4, 0, and —0.5V,. depending on the switching state.
Furthermore, by neglecting internal resistance of L, the volt-
age on the switch Sp, can be expressed as

dic,
dt

By substituting (34) into (37), the auxiliary capacitor current
(ic,) can be predicted by

vs, = Lq +ve, 37

Ts
ic, (k+1) =ic, (k) + I [vs, (k) —ve, ()] (38)

The auxiliary capacitor power at the (k + 1) instant can be
expressed by

Pc,(k+1)=vc, (k+1)ic, (k+1)

. T
=vc, (k+1) [lca (k)+L— [vs, (k) —ve, (k)]]
(39)
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Since the sampling time T is very small and it is smaller
than the time constant of LC branch, we can assume that
the capacitor voltage at (k + 1) instant is almost equal to
the capacitor voltage at k instant v¢, (k +1) = vc, (k).
Therefore, the discrete-time model of the auxiliary capacitor
power can be written as

T
Pc, (k+1) =v¢, (k) [ica k) + — [vs, (k) — v, (k)]}

L,
(40)

The instantaneous power from the ac source was given
in (13) and assuming the active power is Py, then, the instan-
taneous ripple power is

P =v; (k) ig (k) — Pgc 41)

Finally, the cost function for the power decoupling circuit is
defined as

g (k)= |P. (k+1)— Pc, (k+ 1) (42)

The developed MPC algorithm for the power decoupling
circuit is given in Algorithm 2. The first step is to set required
initial parameters such as L, and C,, and then the switching
states and the voltage vector were defined for using into the
predictive block (for loop). The second step is to predict the
future ripple power P,.(k + 1) and the auxiliary capacitor
power Pc,(k + 1) using the measured values of i, icg, Veas
Vie, and I at the instant k and the estimated grid voltage
Vs. After that, as it was mentioned before, the final step is to
determine the switching combination that can minimize the
cost function g.

Algorithm 2 MPC for the Power Decoupling Circuit

Input: is, Vs, ic,, ve,. I, Vic

Output: S, Sp

set initial values;

states = [01; 10; 00; 11];

vs, = [—0.5Vy4e; 0.5Vg; 0; 0];

Pdc = Va’c[dc;

for j=length(v) do
Pr(k‘i‘]):(ix*i}s)_})dc;

Pe(k + 1) = ve, *lic, + (Ts/La)*(vs, () — ve, )l
g2 = abs(Pr(k + 1) — P.(k + 1));
if g2 < gopr then

8opt = 82;
Xopt = Js
end if
end for

Sy = states(xop, 1);
Sp = states(xopt, 2);

IV. EXPERIMENTAL VERIFICATION

To verify the effectiveness of the proposed control technique,
a prototype of the single-phase T-type rectifier with the
active power decoupling circuit is implemented as depicted
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FIGURE. 10. Experimental setup; (a) T-type rectifier prototype picture;
(b) test-bench structure.

in Fig. 10 (a). Furthermore, the test-bench structure for
the experiments is illustrated in Fig. 10 (b). For ac-side,
a variable-frequency power source has been used to emu-
late the single-phase voltage and an inductor is utilized as
the input filter inductance. A programmable electronic load,
which has constant resistance load (CRL) and constant power
load (CPL) capabilities, has been used as the dc load. Fur-
thermore, three voltage sensors LV25-P combined with three
current sensors LA100-P are utilized to measure the required
voltages and currents, respectively. The developed controller
is implemented on the OPAL-RT OP-5600 platform with the
sampling time Ty = 20 ws.

A. STEADY-STATE ANALYSIS

Figs. 11-14 illustrate the steady-state results of the pro-
posed system. To highlight the reduction of 2w ripple power,
the proposed solution was compared with the single-phase T-
type rectifier without decoupling functionality. For all cases,
the reference dc-link voltage is set at 300 V and the output
load is set at 30 2.

Fig. 11 (a) shows the steady-state performance of the sys-
tem when the decoupling function is enabled. It is clearly
seen that the grid voltage (v5) and the grid current (i) are
in the same phase. In other words, the single-phase T-type
rectifier operates with unity power factor. It is also shown
that the Vy tracks its reference (V) with high accuracy
and nearly zero steady-state error. Furthermore, the capacitor
voltages (V1 and V() are balanced at 150V that is half of
the dc-link voltage. In this operation, the decoupling circuit
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FIGURE. 11. Experimental results of the steady-state analysis (a) with
decoupling function; (b) without decoupling function.

is active, and almost all the ripple energy is stored in the
auxiliary capacitor (C,) as shown in Fig. 12. Fig. 11 (b) shows
the steady-state performance when the decoupling function
is disabled. Although, the unity power factor objective is
satisfied in this operation mode, a large dc-link voltage ripple
(approximately 50 V) was observed since all of the 2w ripple
energy goes to the small dc-link capacitor.
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FIGURE. 12. Experimental results of the steady-state analysis of auxiliary
circuit voltage (Vc,) and current (ic,) when the decoupling function is
active.
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FIGURE. 13. Experimental results of FFT analysis (a) with decoupling
function; (b) without decoupling function.

Fig. 13 (a) and (b) show the harmonic analysis of the output
voltage (V4.) and the input current (i5) with and without
decoupling function. It is observed that the current harmonic
levels in both cases are significantly lower than the limits
mentioned by international power quality standards like IEEE
Std 519. However, there is 2w frequency components on the
dc-link voltage when the decoupling function is not active as
shown in Fig. 13 (b).

To prove the superiority of the proposed grid voltage sen-
sorless control algorithm, the tests were conducted under nor-
mal and distorted grid voltage conditions. The estimated grid
voltage (V) for a purely sinusoidal grid voltage (v;) signal
is shown in Fig. 14 (a). The grid voltage signal (vy) is then
mixed with harmonic components and the estimation under
distorted grid voltage is reported in Fig. 14 (b). It can be seen
that the proposed voltage sensorless estimation technique is
able to extract the fundamental voltage signal in both cases.
Furthermore, the estimated voltage angle tracks the actual
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€y

(b)

FIGURE. 14. Experimental results of the actual grid voltage (vs),

the actual grid voltage angle (y), the estimated grid voltage (Vs),

the estimated grid voltage angle (7), and the error between the actual
and estimated voltage angles (e, ); (a) under normal grid conditions;
(b) under distorted grid conditions.

voltage angle with high accuracy for both cases. It is clear
that the error in estimating grid voltage angle results in both
cases is almost zero, showing an excellent position tracking
performance.

B. ROBUSTNESS ANALYSIS

To verify the robustness of the proposed control strategy,
several tests have been conducted under various working
conditions. The results are given in Figs. 15-17.

1) LOAD VARIATION

In this test, the programmable load is operated in CRL mode
and the output resistance (Ry) is reduced from 30 € to 15
Q. During this test, the reference dc-link voltage is set at
300 V. Fig. 15 (a) shows the dynamic response of the system
when the decoupling function is active. The output voltage is
regulated at 300V and is almost not affected by this sudden
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FIGURE. 15. Experimental results of the dynamic response (a) main
circuit; (b) auxiliary circuit when the decoupling function is enabled;
(c) voltage estimation.

100% load increase. Although the amplitude of the 2w ripple
increased, the dc-link voltage ripple is within the required
2% limit. Thus, R; variation seems not to affect the pro-
posed technique. The performance of the decoupling circuit is
shown in Fig. 15 (b) under the same operating conditions. The
system has excellent ripple power tracking performance in
both conditions and the ripple power is almost fully buffered
in the decoupling circuit with the proposed control method
even during the step change of load power. Furthermore, it can
be seen from Fig. 15 (c) that grid voltage angle was estimated
accurately by the proposed technique, even though under load
step.

2) DC-LINK VOLTAGE VARIATION

In this experiment, the programmable load is operated in CRL
and CPL modes. For the CRL mode, the output resistance
(Rp) is set at 30 2. For the CPL mode, the output power (Py,)
is set at 3kW. A step change of 50 V in Vdc is applied (Vdc
passes from 300 to 350 V).
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FIGURE. 16. Experimental results of the dynamic response (a) with CRL;
(b) with CPL.

Fig. 16 (a) shows the dynamic performance of the sys-
tem under CRL mode. It is clear that V. is regulated at
350 V while V1 and V¢ are balanced at 175V. Furthermore,
the grid voltage (vs) and the grid current (i) are in the same
phase for both conditions. Please note that the output power
increased from 3kW to approximately 4kW since the load is
in CRL mode.

Fig. 16 (b) shows the dynamic performance of the system
under CPL mode. It is obvious that similar to previous case
Ve tracks its reference (V) with high accuracy and nearly
zero steady-state error and the single-phase rectifier operates
with unity power factor. It is clearly seen that the output
current (I7) reduces from 10A to 8.33 A while the dc-link
voltage V. increases from 300V to 350V. In this case the
output power is maintained at 3kW since the load in CPL
mode.

3) PARAMETERS MISMATCH

Since the controllers based on MPC, the performance of the
controller may depend on the system parameters. To investi-
gate the robustness of the proposed controller against the grid
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TABLE 3. Comparison of the designed and traditional system
components.
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FIGURE. 17. Experimental results of the parameter variations (a) +15%
variations in Ls, C; and C,; (b) —15% variations in Ls, C; and C,.

inductance and dc-link capacitors variations, the following
cases have been considered.

Fig. 17 (a) and (b) show the experimental results of the
system under + 15% variations in Ly and the dc-link capac-
itors C1 and C,. Despite the large variations in Lg, Cy, and
C», the controller performance is still satisfactory. In con-
clusion, even with the mismatch in inductance and capacitor
parameters, the proposed controller handles this issue without
a significant impact on the system performance and shows
that relatively low sensitivity to parameter changes.

4) COST AND VOLUME ANALYSIS

To observe the effect of the 2w ripple on the rectifier param-
eters, cost and volume analysis were done. For comparison
purposes, the dimension and price information of some com-
ponents in the designed system and in the traditional system
are given in Table 3. It can be seen that the designed system
requires the capacitor (C,), inductor (L), and switches (S,
and Sp) for the auxiliary circuit. This circuit brings extra cost,
which is around $96.5, to the system. On the other hand, using
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Components Desi d system Traditional system
"""" Cl and C2 Specs 100 puF/450 V 3.2 mF/450 V
----------------------- MIr. Part# 36DY101F450AN2A 550322T450DF2B
_____ Price $32.11%2 $109.27%2
Dimensions. L: 35 mm L: 143.64 mm
""" D: 35 mm D: 76.81 mm
. Ca Specs 120 pF/400 V
: 5 mg/di Mir. Part# E36D401LPN121TA4IM
B ; Price $8.34
................ Dimensions L: 41 mm
i Viae (50 V/div) : D: 35 mm
: : La Specs 50 uH/14A
Mfr. Part# 1539M13
| : : : Price $13.60
“Voi, Voo (50:V/div) - Dimensions | L= 28.19 mm
: - : - D=30.98 mm
(S Avdiv) Sa and Sb Specs High Speed IGBT
: Mfr. Part# IKWI5SNI120H3FKSA1
....................................................................................... Pric SAVE]
Dimensions L=20.80 mm
(@) W=15.70 mm
H=4.83 mm
. ”S(SUEde) : Voltage sensor | Specs LEM-LV25P
TN e e e NG e TN MIr Par® V35D
Price $68
Dimensions L=29.2 mm
W=26 mm
H=15.2 mm

Note: Data are from Mouser and Digi-Key websites.

this circuit in the system reduces the dc-link capacitor size
significantly, which results in cost and volume reduction in
the overall system. Furthermore, the proposed control uses
MRAS to estimate the grid voltage without a sensor. This
also decreases the cost of the control system around $68.
In addition, the volume of the capacitors in the traditional
system is around 665 cm® whereas the total volume of the
auxiliary circuit components given in the table is around
100 cm?. It is clearly seen that using the auxiliary circuit
reduces the hardware size significantly.

V. CONCLUSION
In this study, the grid voltage sensorless model predictive
control technique was proposed to control the single-phase
T-type rectifier while the instantaneous ripple power predic-
tive control technique was used to minimize the 2w ripple
power of the single-phase T-type rectifier. The grid voltage
was estimated through MRAS. Thus, the cost of the system
was reduced by the elimination of the voltage sensor in the
control loop. Furthermore, using the power decoupling circuit
and its control technique in the system decreased the dc-link
capacitor size that resulted in cost and volume reduction in
the overall system. Experimental results on the test bench
verified the proposed control technique with the following
advantages:

1) fast response to the load change;

2) perfect buffering 2w ripple power even though the rec-

tifier input voltage distorted;

3) minimization of the dc-link capacitor requirement;

4) unity power factor all operating conditions;

5) excellent performance under CRL and CPL conditions.

Apart from these advantages the developed control struc-
ture is simple and it is cost-effective due to the absence of
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a grid voltage sensor and significantly lower dc-link capaci-
tance requirement.
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