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Generalized Predictive Direct Power Control With
Constant Switching Frequency for Multilevel
Four-Leg Grid Connected Converter

Mansour Bouzidi

Abstract—This article proposes a novel generalized predictive
direct power control (PDPC) with a constant switching frequency
for a multilevel four-leg (4L) grid connected converter (GCC)
diode clamped converter (DCC). A new predictive power model
for 4L-GCC is developed in which the proposed PDPC can operate
with a constant switching frequency without any modulation stage.
During each switching period, four appropriate switching vectors
are selected and applied using precalculated switching times. More-
over, these appropriate switching vectors are selected only from
one sector, and a new proposed approach to calculate the switching
times is proposed and generalized for any level of 4L-DCC. The
proposed PDPC for the multilevel 4L.-GCC can ensure better active
and reactive powers control, lower grid current harmonics, better
compensation of grid neutral current and reactive power, and ac-
curate balancing of the dc capacitor voltages. The presented results
demonstrate the effectiveness of the proposed control strategy.

Index Terms—Active and reactive powers, four-leg converter,
generalized predictive direct power control (PDPC), multilevel
converter, predictive direct power control (DPC).

1. INTRODUCTION

N RECENT years, voltage source converters (VSCs) are
I immensely used in the modern power system to meet the
requirement of renewable energy dominated grid [1], [2]. One
of the major key functions of grid connected converter (GCC) is
to ensure energy conversion and control the power flow between
the dc side and the grid side. In the distributed power generation
systems, the four-leg (4L) topology of the VSCs presents the
best option to deal with unbalanced grid voltages and currents
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[3]-[6]. Such topology provides many advantages, such as the
ability to supply three-phase and single-phase loads at the same
time, full utilization of the dc-link voltage, and capability to
handle unbalanced load [3]-[6]. Therefore, the use of four-
leg voltage source converters (4L-VSIs) as grid interface has
become increasingly attractive for different applications, such
as renewable energy (e.g., wind energy, solar energy, etc.) [6],
active power filters [3], and microgrid applications [4].

Many research works have been focused on developing con-
trol strategies of the GCC-VSC to improve its efficiency, relia-
bility, and safety [7]-[11]. Among those control strategies is the
direct power control (DPC), which has received considerable
scholarly attention in recent years [9]-[11]. In DPC, the active
and reactive powers are controlled directly without any inner
current control loop or pulsewidth modulation (PWM) block
[9]. However, the major drawback of this control strategy is
the variable switching frequency (VSF) [10], [12]. Hence, in
order to operate with a constant switching frequency (CSF),
some works used the space vector modulation (SVM) block
[10], [12]. Moreover, in [13] and [14], the sliding-mode control
and passivity-based control are combined with DPC with the
aim to get more robustness and higher performance. However,
the above-mentioned control strategies present significant power
ripples in the active and reactive powers.

Different structures of the DPC based on predictive ap-
proaches, i.e., predictive direct power control (PDPC), have
been widely utilized [15]-[24]. The PDPC strategies can be
classified into two categories: VSF and CSF. In the first cate-
gory, the converter’s switching states are selected through the
minimization of a predefined cost function [15]-[17]. However,
in such approach, the control performance is strongly dependent
on the sampling frequency and filter parameters. In the second
category, the switching frequency is ensured by SVM block.
However, the calculation of the average output voltage is issued
by the predictive model as in the previous approach [22], [23].

An interesting PDPC algorithm operating with a CSF without
using PWM block has been proposed in [18]—[21]. This control
strategy is based on applying, during each switching period,
three switching vectors (SWVs) using precalculated switch-
ing times. The switching times are calculated by minimizing
a cost function, which ensures the convergence of the active
and reactive powers to their reference values [18]-[21]. This
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Multilevel 4L.-DCC connected to GCC via R-L filter.

Fig. 1.

control strategy provides good results in terms of power ripples,
waveforms quality, and time response. In addition, it operates
with CSF without using any modulation stage. However, this
control strategy has been applied only in three-phase three-leg
two-level and three-level VSCs. To the best of authors’ knowl-
edge, there is no work that has performed this kind of PDPC
for 4L-VSCs, as there is no available predictive power model
for 4L-VSC. Furthermore, the PDPC algorithm for 4L-VSCs
will become more complicated when the number of VSC levels
increases.

Therefore, in this article, a simplified and generalized PDPC
operated with a CSF for multilevel 4L-GCC based on a new
predictive power model is proposed. In the proposed PDPC,
a new method of calculating switching times is presented and
generalized for any four-leg diode clamped converter (4L-DCC)
level. The proposed PDPC can guarantee accurate control of
active/reactive powers, zero-sequence current, grid neutral cur-
rent, as well as balancing the dc capacitor voltages for multilevel
4L-DCC.

The contribution of the article is summarized as the following.

1) Generalizing the PDPC with a CSF for multilevel 4L-

GCC.

2) Developing a new predictive power model for 4L-GCC.

3) Proposing a new method for the switching times calcula-

tion.

The rest of this article is organized as follows. In Section II, the
power circuit describing the m-level 4L-GCC and its mathemat-
ical model is presented. The proposed generalized PDPC with
a CSF strategy is presented and discussed deeply in Section III.
In Section IV, the effectiveness of the proposed PDPC-CSF
is verified, compared, and validated experimentally. Finally,
Section V concludes this article.

II. MODELING OF GRID CONNECTED 4L-DCC

Fig. 1 shows the m-level 4L-DCC-based GCC. In this article,
the dc side of the 4L-DCC is supplied by a fixed dc source, while
the capacitors’ voltages balancing is ensured by the proposed
control strategy.
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Fig.2. Three-dimensional representation of the SVD. (a) For m-level 4L-DCC.
(b) First sector with switching states of three-level 4L-DCC. (c) Tetrahedrons
of prisms PR! and PR? for three-level 4L-DCC.

The dynamic equations of the converter output current i, g~
in the stationary reference frame a3y can be expressed as the
function of the output converter voltages v, 3~ and grid voltages
Vg,apBy- as follows:

diapy/dt = (Vapy — Vg,apy — Riapy)/ L ¢))

The output to neutral voltages v,, vy, and v, of the m-level
4L-DCC can be estimated as follows:

m—1 j
Vyp = Z (ij—Fnj)ZUCi]7x_a’b7orc (2)
J=0 i=1

where v¢; is the voltage of the capacitor C;, and F,; are the
switching functions.

The m-level 4L-DCC has m* possible switching combina-
tions, which can be stored into 6(m—1)-+1 layers in a3~y space
[see Fig. 2(a)]. The SVD of Fig. 2(a) can be divided into six
sectors; each sector further is divided into (m—1)? prisms (PR)
and each prism is formed by tetrahedrons (TeT) ([see Fig. 2(b)
and (c)], example of three-level 4L-DCC).

III. PROPOSED GENERALIZED PDPC FOR M-LEVEL 4L-GCC

Fig. 3 shows the block diagram of the proposed PDPC for the
m-level 4L-DCC connected to the grid. The proposed scheme is
based on defining a new predictive power model for the 4L.-DCC
in the first sector of the SVD of Fig. 2(a).

The grid voltage vector ¥, the line current vector fg, the
converter current vector i, as well as the average output voltage
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vector ¥ are used to create the corresponding vectors, which are
noted as follows:
1) reconstructed grid voltage vector Vgs 1

2) reconstructed line current vector [ qS 1y
3) reconstructed converter current vector 1°!;

4) reconstructed average output voltage vector VS,

These reconstructed vectors must only rotate in the first sec-
tor and must take all the information about the corresponding
vectors (U, fg, ;, ) in other sectors. The reason of using these
reconstructed vectors is to simplify the proposed PDPC through
selecting the appropriate SWVs only from the first sector of
the space vector diagram (SVD) of Fig. 2(a). The reconstructed
vectors are used to define the new predictive power model and to
calculate the grid powers pg s q_;J9 1 q; . 3 and converter powers
P2, St Sl

Based on the location of the reconstructed voltage vector V1
in the first sector, the four adjacent vectors of V51 are selected
as the appropriate SWVs to be applied at each switching period
Ts.. The selection of the appropriate SWVs is generalized for
any level of the 4L-DCC based on the adopted method proposed
in [25]. The corresponding switching times are calculated based
on a new generalized approach for m-level 4L-GCC.

A. Reconstructed Voltage/Current Vectors

The proposed predictive power model for the 4L.-GCC should
be identified only in the first sector S; of the SVD, therefore,
the ac magnitudes needed for the proposed PDPC (see Fig. 3)
must be reconstructed to rotate only in S7. This concept has been
proposed by Bouzidi et al. [25] to create only the new reference
voltage vector in order to simplify the 3-D SVM.

This article shows that the idea presented in [25] can be
extended and applied for the voltage and current vectors

Block diagram of the proposed generalized PDPC with a CSF for m-level grid connected 4L-DCC.

v, Uy, ig, and ¢ to create their corresponding reconstructed

vectors V51, ‘7g51 ; I_'gs 1, and I51. In [25], there is only one volt-
age vector that was reconstructed (called new reference voltage
vector U*), therefore, the components of U* (U, U, v, Ur)were
deduced based on the sector number that contains the reference
voltage vector v (the reference vector before reconstruction)
and its components (v}, v;, v}). In this article, there are four
vectors to be reconstructed v, Uy Zq, and i, and the key point
here is to use the sector number that contains only one of
them.

Since the average voltage vector v represents the voltage
vector that can control the converter’s active and reactive powers
flow, the sector number that contains this vector (¥) will be

chosen to create the following (‘:/"Sl, Vgsl, f;‘?l ,and IS ).
Based on the components of the vectors 7, ﬁg, fg, i and the
sector number S; that contains 7, the reconstructed vectors are
identified as given in Table I.
To perform the proposed PDPC, the reconstructed volt-
age/current vectors 1751, ‘_/;751, I_:fl, and I are used instead

—

of the corresponding vectors ¥, ¥
sections:
1) to calculate converter and grid active and reactive powers;
2) to develop the new predictive power model;
3) to calculate the switching times of the appropriate SWVs
(see Fig. 3).

i Zg, and 7 in the following

B. Proposed New Predictive Power Model of 4L-GCC

In this section, a new predictive power model of the 4L.-GCC
is developed, which is defined only in the first sector S; of the
SVD of Fig. 2(a).

When the reconstructed voltage/current vectors are used in
the inverter output current dynamic equations, (1) becomes as
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TABLE I
SELECTION OF THE RECONSTRUCTED VOLTAGE/CURRENT VECTOR
COMPONENTS IN ABC COORDINATES SYSTEM

Rec‘(/):cstt:rlscted Sector number that contains the average output voltage vector v
components Si N S; Sy Ss Ss
e 7 7 AR SR
Ve v, v, v, v,
Ve Ve 2 2 Ve vy vy
ngz] v ga Vb Vb Ve v £ Ve
Vj‘ V ;,;‘ Ve Ve Ve Ve Ve v,
V ;‘ Ve Ve Ve Vi Vi Ve
I iy iy iy i, i, iy
I?‘ [LS’; Lg Iy lye iy, iy le
Ifffl igﬂ igﬁ‘ igﬂ iga i gb i gb
17 i, i Iy i i L,
iSI 11;‘" Ly ia P ib ia L
I} i i i, i, i i
follows:
S 7S S S
dl&év/dt = (Vaﬁlv o Vg’éﬁv o RIallh)/L : 3

Using the components of the ‘795 1 and IS, the converter active
and reactive powers defined in the first sector S; are given as
follows:

pgl Vg% ng?l 0 Iozl
" | = | Vis Voo . 0 IBSI “4)
Qo np 0 0 Vjg-val| LIy

where p3t and ¢! are the converter active and reactive powers
defined only in Sy, respectively, and qi wp 18 the reactive power
related to the zero-sequence current, defined as well in 5.

The derivatives of the converter active and reactive powers
defined in (4) are given as follows:

go o

.S S1y7S S1 7S S1y7S S1 7S
" = —AMVep = Vs Lot + 15 Vo + Vo I3

Qoo = 15 Vo + VR I = IV = VRIT ()
By neglecting the change of the grid voltages over a sampling
period T and using (3), the discretization of (5) yields
Apg (k) = Ts [Vt (k) (V¥ (k) = Vail (k) = RIZ ()

+ Vi) (V3 0) =V ()= RIS ()| /1
(6.2)

DG (k) = =T [V (k) (V35 () = V2

« ga (k) - R[aSI (k))
+ Vi) (V5 ()= Vi ()= RIS (k)| /L
(6.b)
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AgSh5(k) = T [V () (V5 (R) = V) () = RIS (k)

= Vol (k) (V3 (k) = V2 (k) = RIS (k)] /L
(6.0)

where ApJt, Ag¢St, and Aqf 4 are the converter active and

reactive powers’ differentials, which are given as follows:

Apgt(k) = pgt(k +1) — pgt (k)
Ager (k) = ¢ (k4 1) = ¢ (k) @)
ch71(xﬁ(k) = qc,ix,é’(k + 1) - qc,ixﬁ(k)'

At the next sampling period, the active and reactive powers

should converge to their reference values p’°1, ¢1, and qzilﬁ,

which means that
pe(k+1) =pi5(k+1)
gp (k+1) = ¢ (k+1) ®)
qcs,laﬁ(k +1) = qiiﬁg(’f +1).
After more simplification, the final new predictive power
model is given as follows:
Pt (k +1) = pgt(k) = Ty (~RpZt (k) + US (k) /L
g5 (k+1) = g8 (k) = To (~R g () + US'(8)) /L
a5t (k1) = g5 (k) = Ty (~RaSs(0) + US (8) /L
©))

where U (US'U g ! U,YS 1) is the reconstructed intermediate out-
put voltage vector defined as

vsl [V vy oo ]
ob = | vEve o ||
S S /S
U'y ! 0 0 Vggl - Vgé;zl Vw !
2 S 2
(Va)* + (Vo)
— 0 (10)
0

C. New Switching Times Calculation Method

The presented PDPC algorithms in [18]-[21] for three-leg
converters use active and reactive powers’ increments f,, and
fq:- Then, the switching times are calculated based on the
minimization of a cost function, which is defined as a sum of
the square errors of the active and reactive powers. The resulting
switching times’ expressions depend on the active and reactive
powers, their references, as well as the power increments f,,, and
fq:- The most drawback of this technique is that the calculated
switching times can guarantee the convergence of the powers
to their references only at the beginning and the end of each
switching period. Therefore, within each switching period, the
proposed PDPC in [18]-[21] cannot guarantee accurate power
control, which can lead to a large ripple in the active and reactive
powers.

In this section, the proposed switching time calculation
method is explained; the proposed method can ensure accurate
power control with reduced ripple during the entire switching
period Ts,. Moreover, since the proposed predictive power
model is defined in the first sector, the switching times are
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calculated only for the SWVs located in the first sector, which
leads to reduce the computational time of the proposed PDPC.
The main goal of the proposed PDPC is that the grid pow-

ers p5', ¢5', and qi Ls Will be forced to track their refer-
*51

ences, p,°', qzsl ,and qf}soi i The grid powers can be calculated
as in (4), just by using the components of the grid current

I;g (1 ;9,;7 I gsé, 1 5,;) instead of the components of the converter

current 51 (51, Igl, I57) as follows:

pgl Ve %Sﬁl 0 Ty
g | =|-VaVa 0 IQZ; (11)
il |00 vsove | S

In order to control the grid powers, the errors between the
converter powers and their references in the new predictive
power model of (9) can be replaced by the grid power errors
as follows:

P k1)~ () = T,
G5 (b4 1) = g5 () = T,

Gyong(k+1) = a5t 5(k) =

—RpZr(k) + U(fl(k)) /L
~Rg% (k) + U (8)) /L
s (~RaSks )+ US (1) /L.
12)
The control input of the new predictive power model of (12)
that can ensure the grid powers regulation is the reconstructed

S

o~

N

average output voltage vector V51 (V51 Vﬁsl V51), which is in-
cluded in U5 (U5 Ug‘l U2") as given in (10). With the aim
of controlling the grid powers and to guarantee the operation
with a CSF, the proposed PDPC applies, during each switching
period, four appropriate SWVs only from the first sector S; and

calculates their switching times to synthesize the vector V1.
It is considered that v}, v3", vf !, and v}" are the four ap-
propriate SWVs from 57 that should be applied during 7's,,, and
UG e t? 1, and ;" are their corresponding switching times.
To get the accurate control of the active and reactive powers
with reduced ripple during the entire switching period T, the
switching times are calculated based on the average value of the

voltage vector during T, as follows:

VP oSS S S v = T, VS

S1 S1 S1 S1 _ (a3)
7 5 1] = T

6629

After decomposition in a3~y coordinates, (13) becomes as
follows:

URAt sty +ugatyt +uit]t = TV
VP gkt vghtst + vkt = o, V5 "
UPHETY S S S S  vgit)t = Ty, VI

A5 15 5 = T

where v;sa‘ , visﬁ%, and viS;, (i =1, 2, 3,or4) are the components
of the SWV v?* in a8 coordinates.

Using (14), the components of the reconstructed average
output voltage vector V51 (V51 \_/BS t, V51) can be given as
follows:

Using (15) and (10) in (12), the switching times can be
calculated using the following expression:

S] Sl S1 Sl Sl Sl

Ul = Uy Ugp — Ugq Ugq — Uyq t‘lsl Fl
S S1 ,,51 S1 .51 S1 S1 | _ TswlL

ULy — ugh Uph — Uy ugh — ugh t% === | o
S1 S1 ,,51 S1 ,,51 S1 t31 I's

Uy, — Wy, Upy — gy Uz — Ugy

tfl = Thw — tfl _ t~291 _ tgl

with

PS5 (k+ 1) — pSi(k) + T R.pS (k) /L — Luf} /Ty
;% (k+1) — g5 (k) + TuR.q2* (k) /L — Luf} /Teu
sk 1) = a5 s (k) + TaR.P 5 (k) /L — Lut /Ty
o))

5 .8 Si(; .
where u;,, u;;, and ugy (i =1, 2, 3, or 4) are the interme-

diate SWVs components defined by

s s S -
U, Via Vgﬁl 0 Y&g '
UZBI B _Vgsﬁl Vg%l 0 Vﬁsl
S0 v v Lok

2
(Vi) + (Vi)
0 . (18)
0

By calculating the switching times using (16) for the adjacent
SWVs vf ', vf ', v§ ', and vfl , the grid active and reactive powers

VS =il + |(0f — ofDE + (05 — vf)E + (05 — oD /T

S1

Vit = oy + (o) — w5 + (05 — uiE + (05 — v /T

Y

t =T — 17 — 5" — 15"

VS = o+ [(of) - of et + (o) — oS5 + (of) — ofes | /T

15)
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(b)

Fig. 4. (a) Three-dimensional parallelepiped. (b) Six types of tetrahedrons
(TeTg is the tetrahedron number i located in prism number j PR/) [25].

will be forced to follow their references during each switching
period T, with reduced ripple.

D. Generalized Approach for Appropriate SWVs Selection

Asitis mentioned above, the reconstructed voltage vector ‘75 1
rotates only in the first sector S;. Therefore, for any 4L-DCC
level, the most appropriate SWVs that can be applied during

each T, are those to be adjacent to the V51 when it rotates in
Sp of the SVD. The SVD of the m-level 4L-DCC is formed by
tetrahedrons (TeTs) and each tetrahedron is composed of four
SWVs. Therefore, in order to determine the four appropriate
SWVs, it is necessary to identify the tetrahedron that contains

V51, The method proposed in [25] is adopted in this article with
some modifications to identify the tetrahedrons for any 4L-DCC
level. In [25], new axes called p—o—r [see Fig. 4(a)] are used to
identify the type of tetrahedron and to select the appropriate
SWVs for m-level 4L-DCC. All tetrahedrons in Sy of the SVD
can be classified into six types [25], which can form two adjacent
prisms (PR! and PR?) (see Fig. 4). These adjacent prisms, in turn,
constitute a 3-D parallelepiped having eight SWVs vy, vo, ...,
123 [25] .,

The normalized component of the V1 in por coordinates
can be expressed as [25]

Vo [ VB2 V22 0 ‘:/azl
Vol = 0 V2 0 Vil (9
VTSI Vdc —\/6/6 _\/5/2 \/3/3 V’Ysl

Based on the integer parts P, Q, and R of VS components of
(19), the coordinates of the SWVs of Fig. 4 can be deduced, as
clarified in Table II. .

Based on the fractional parts p, g, and r of VSt in (19), the
tetrahedron type is easy to be identified for any 4L-DCC level
[25]. B

Based on the tetrahedron type that contains V' and the
coordinates of the SWVs vy, ..., vg, the appropriate SWVs for
any 4L-DCC level can be generalized as given in Table III. The
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TABLE II
COORDINATES OF SWV IN poT COORDINATES

SWV Coordinates SWV Coordinates
vi(Py1,Ovi,R01) (P, O, R) Vs(Pys5,Ovs,Ry5) (P, O, R+1)
Va(Py2,002,R,2) (P+1, O R) Vo(Pos,Ov6:R6) (P+1, O, R)
vs(Pr3,Ovs,Ri3) (P, OFL R)  vi(Py7,Ovr,R7) (P, O+1, R)
VilPossOvsRis)  (PH1, Q41 R) vs(PrsOwsRis) (P O+1 R+1)

TABLE III
GENERALIZED APPROACH FOR APPROPRIATE SWV'S SELECTION FOR M-LEVEL
4L-DCC
PR' TeT} TeT, TeT,
Appropriate SWVs [vl v, v3v5] [v6 v, sts] [v(, Vv, Vv, v5]
[vlsl vit vty
PR® TeT}? TeT,; TeT;
Appropriate SWVs v v, v, v,]  [sv,vsvi] [V v, v v
[VIS' vitysty 3t
TABLE IV
SYSTEM PARAMETERS
Parameter Value
Grid RMS voltage and frequency 57V, 50 Hz
Filtering impedance R and L 0.1 Q,3mH
DC voltage vy 150V

Sampling frequency f;, switching frequency f;., 100 kHz, 4 kHz

appropriate SWVs o7, v5t 91 and vy! givenin Table Il are

normalized in poT coordinates. However, before using SWVs
to calculate the switching times in (16) and (17), they should
be denormalized and retransferred into o5+ using the reverse
matrix transformation of (19).

Based on (19) and Table III, the appropriate SWVs are se-
lected for any 4L-DCC level and they can be used to calculate
the switching times as given in (16). After selecting the ap-
propriate SWVs, the proposed method in [25] for generating
and generalizing the switching sequence and balancing the dc
capacitor voltages for m-level 4L-DCC is used in this article.

IV. RESULTS AND DISCUSSIONS
A. Simulation Results

In order to prove the effectiveness of the proposed generalized
PDPC for m-level 4L-GCC, the simulation results under differ-
ent 4L-DCC levels have been performed using the parameters,
as listed in Table I'V.

In order to validate the proposed generalized algorithm, the
number of 4L-DCC level m is increased at each 50 ms. Fig. 5
shows the simulation results of the proposed generalized PDPC
for different 4L.-DCC levels (form = 2, 3,7, 11, and 15). From
Fig. 5, it can be seen that the grid active/reactive power and line
neutral current ripples are reduced by increasing the number of
4L-DCC level m. The quality of the line currents as well as the
output voltage is improved, as demonstrated in Fig. 6, through
the output voltage total harmonic distortion (THD) values.

Figs. 7 and 8 and Tables V and VI present a comprehensive
comparative study between the proposed PDPC and the PDPC
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TABLE V
LINE CURRENT THD VERSUS COUPLING INDUCTANCE VALUE MISMATCH

AL (%) = (L-L/L)X100

-100 -80 -60 -40 -20 0 20 40 60 80 100
Proposed
THD PDPC 3 275 242 22 193 1.76 143 1.17 093 0.74 0.6
(%) PDPC in

7.03 53 54 537 42 466 391 383 3.67 2.88 1.8

[18]-[21]

L. is the inductance used in the control method, and L is the real value.

Harmonic order

(C) THD=22.73%, 7-Level

Harmonic order Harmonic order

(d) THD= 14.54%, 11-Level (e) THD= 10.51%, 15-Level

Frequency spectrum of the output 4L-converter voltage. (a) 2-level. (b) 3-level. (c) 7-level 4L-DCC. (d) 11-level 4L-DCC. (e) 15-level 4L-DCC.

with CSF as per the articles presented in [18]-[21]. The com-
parison is performed based on the line current THD, active and
reactive powers ripple, and line neutral current ripple.

In fact, the presented PDPCs in [18]-[21] were applied only
for two- and three-level three-leg converters. Therefore, to per-
form a fair comparison with the proposed PDPC, the calculation
time method thatis usedin [18]-[21] was applied to the proposed
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TABLE VI
SIMULATION-BASED COMPARISON OF THE PROPOSED PDPC WITH THE EXISTING SCHEMES

[26] [27]

Proposed works

[28] [29] [30]
Converter level 2-level 4-leg 3-level 3-leg 2-level 3-leg 3-level 4-leg 2-level 4-leg
Control used Model Predictive Current Model Predictive Current DPC-PWM Hybrid DPC/current with Hysteresis Current
Control Control PI controller Controller
Application GCC GCC GCC SAPF SAPF
Switching Variable Variable Constant Constant Variable
frequency - Average of 5 kHz 10 kHz 5kHz Average of 10 kHz
THD Previous works 0.39 13.53 1.2 2.77 3.02
(%) Proposed PDPC 0.23 10.26 0.52 0.43 2.30
14 T T T T T T 25 T T T T T T T T T
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Fig. 7. Comparative investigation between the proposed PDPC and the pre-
sented PDPC in [18]-[21] for different 4L-DCC levels. (a) Line current THD.
(b) Ripple of grid powers and line neutral current.

PDPC algorithm and was generalized for m-level 4L-GCC using
the proposed generalized approach.

Fig. 7 shows the simulation values of the line current THD,
grid active and reactive powers ripple (%) Apgy, Aqy, Apg s,
and line neutral current ripple Aig, (%) versus different 4L-
DCC levels with p, = 1 kW and f, = 4 kHz. It is clear that the
line current THD and the grid power/line neutral current ripple
are decreased with increasing the number of 4L-DCC levels.
However, the proposed PDPC shows the reduced values of power

N
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Fig. 8. Comparative investigation between the proposed PDPC and the pre-
sented PDPC in [18]-[21] for three-level 4L-DCC under different switching

frequency values. (a) Line current THD. (b) Ripple of grid powers/line neutral
current.

ripples and current THD compared with the PDPC proposed in
[18]-[21], especially for lower levels of the 4L-DCC.

Fig. 8 shows the line current THD and the ripple of the grid
power/line neutral current versus the switching frequency for
three-level 4L-DCC. Obviously, the THD and ripple values are
almost independent of the switching frequency of the proposed
PDPC. The proposed PDPC can operate with low switching
frequency values (0.5 and 1 kHz), which proves its effectiveness
compared with the PDPC proposed in [18]-[21].

Table V lists the line current THD variation under coupling
inductance value mismatch for the proposed PDPC and the
PDPC algorithms presented in [18]-[21]. It can be noticed
that the proposed PDPC algorithm has a small sensitivity to
mismatch in the inductance L. The THD can be kept at reduced
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Fig. 9. Experimental setup of the three-level 4L-DCC.
value (less than 3%) when an extreme mismatch is applied |AL|
(£100%).

Table VI lists a comparative investigation based on the line
current THD of the proposed PDPC and recently proposed
control schemes [26]-[30]. The comparison was made in the
same application [GCC or shunt active power filter (SAPF)]
and the same parameters between the proposed PDPC and each
previous work from the articles presented in [26]-[30] (the
same supply system, load, filtering impedance, converter level,
switching frequency, operating condition, etc.). This comparison
proves the effectiveness of the proposed control method in terms
of the line current quality improvement.

B. Experimental Results

In this section, the experimental results of the proposed
PDPC for the three-level 4L-DCC are presented. The OPAL-RT
OP5600 real-time controller is used to implement the proposed
control strategy for the hardware prototype, as shown in Fig. 9.
The parameters used in the experimental setup are similar to
those used in the simulation section. Moreover, the dc voltage
in this case is vq. = 200 V, the dc-link capacitances are C; =
Cy = 340 pF, and an additional three-phase inductive load is
connected at the point of common coupling (PCC) side with
(R, L) = (45 Q, 20 mH).

The proposed PDPC was investigated experimentally for the
three-level 4L-DCC under the following testing scenarios:

1) step change of grid powers (see Fig. 10);

2) unbalanced grid voltage condition [see Fig. 11(a)];

3) distorted grid voltage condition [see Fig. 11(b)];

4) unbalanced current condition (see Fig. 12).

1) Reference Active and Reactive Powers Variation: In
Fig. 10, the behavior of the system is illustrated when a step
change of the grid powers p, and g, is applied. As can be seen,
the proposed PDPC can smoothly follow the step changes in the
power references, the grid active power p, varies from 500 to
1000 W, the reactive power g, is increased from 0 to 400 var,
while the reactive power g4 g is kept at zero level to maintain
the line currents balanced. At the instant of increasing p, from
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Fig. 10.  Experimental results under step change of the grid active and reactive
powers using the proposed PDPC for three-level 4L-DCC (p,, is changed from
500 to 1000 W, and g4 from O to 400 var).
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Fig. 11.  Experimental results of the proposed PDPC for three-level 4L-GCC
with p, = 1000 W, g, = 0 var under (a) unbalanced grid voltages and
(b) distorted grid voltages.

500 to 1000 W, the system reacts by doubling the amplitude of
the line currents to 8 A. On the other hand, the step change of
q4 from 0 to 400 var forces the line current iy, to be ahead with
respect to the corresponding grid voltage v4,. The dc capacitor
voltages are kept balanced even during the power changes.

2) Unbalanced/Distorted Grid Voltage Condition: With the
aim to test the proposed PDPC performance under abnormal
conditions, a grid emulator is used to generate unbalanced
voltages (20% sag in phase a [see Fig. 11(a)]) as well as to
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Fig. 13.  Frequency spectrum of the line current under steady-state operation
with py = 1000 W. (a) Using proposed PDPC. (b) Using PDPC proposed in
[18]-[21].

TABLE VII
EXPERIMENTAL LINE CURRENT THD UNDER DIFFERENT OPERATING
CONDITIONS FOR THE PROPOSED PDPC

Operating Steady-state Distorted grid Unbalanced

condition voltages grid voltages
P(W) 500 1000 1000 1000

THD (%) 2.2 1.7 1.9 2.1

deliver distorted voltages [see Fig. 11(b)]. The fundamental
voltage components are superimposed with 8.5% of the 3rd
harmonic, 7% of 5th harmonic, 5% of 7th harmonic, and 2.5% of
11th harmonic. Fig. 11 shows the results under unbalanced and
distorted voltages. It can be observed that the active and reactive
powers have a small ripple due to the distorted and unbalanced
grid voltages; meanwhile, the proposed PDPC can deal with any
disturbances effectively and ensure balanced and sinusoidal line
currents. The line current THD is 1.9% and 2.1% in the case of
distorted and unbalanced grid voltage conditions, respectively
(see Table VII). Moreover, the neutral point voltage at the dc
side is almost zero and the dc capacitor voltages are maintained
balanced even during the grid voltage disturbances.

3) Unbalanced Current Condition: As shown in Fig. 12,
the dynamic response of the PDPC strategy is studied under
unbalanced currents. In this case, a three-phase inductive load of
(45 Q2,20 mH) is connected at the PCC side. In order to create an
unbalanced load, an additional inductive load of (45 €2, 20 mH)
is connected in parallel with phase a. The active power reference
is set to 1000 W. At the moment of connecting the unbalanced
load, the 4L-DCC reacts by injecting the required reactive power
qc,op With an oscillating component to keep the grid reactive

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

power ¢4 o3 around zero. Thus, the line currents are maintained
balanced and the line neutral current iy, is compensated. The
dc capacitor voltages are preserved at the desired level of v4./2
even with the unbalanced converter currents.

Table VIl lists the experimental values of the line current THD
obtained with the proposed PDPC under different operating con-
ditions, where the quality of the line current THD is kept within
the international standards intervals (THD less than 2.2%).

Fig. 13 shows the experimental frequency spectra of the line
current obtained under steady-state operation with p, = 1 kW
for the proposed PDPC and the PDPC proposed in [18]-[21].
It can be observed that the proposed PDPC improves the line
current quality with a THD of 1.7% compared with the PDPC
proposed in [18]-[21], which provides a THD of 4.4%.

The computational time for both proposed PDPC and the other
algorithms proposed in [18]—[21] has been measured in real time
using the real-time controller OP5600. The PDPC presented in
[18]-[21] requires 1.7 ws, while the proposed in this article
PDPC needs 1.5 pus, which demonstrates the effectiveness of
the proposed solution in terms of reducing the computational
burden.

V. CONCLUSION

This article proposed a novel generalized PDPC operated with
a CSF for multilevel 4L-DCC connected to the grid without using
any modulation stage. In this article, a new predictive power
model for 4L-GCC was developed. The proposed algorithm
selects four SWVs from the first sector of the SVD only to be
applied to switching times calculation for each switching period.
Moreover, it offers a new and generalized method to calculate
the switching times of the corresponding SWVs. All stages of
the proposed PDPC algorithm were generalized to be applied
for any level of the 4L-DCC. The conducted simulation and
experimental results prove the effectiveness and the superiority
of the proposed PDPC algorithm in terms of the active/reactive
power control, current quality improvement, and neutral current
compensation.
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