Aalborg Universitet AALBORG

UNIVERSITY

A Review on Direct Power Control of Pulsewidth Modulation Converters

Yan, Shuo; Yang, Yongheng; Hui, S. Y.; Blaabjerg, Frede

Published in:
| E E E Transactions on Power Electronics

DOl (link to publication from Publisher):
10.1109/TPEL.2021.3070548

Publication date:
2021

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Yan, S., Yang, Y., Hui, S. Y., & Blaabjerg, F. (2021). A Review on Direct Power Control of Pulsewidth
Modulation Converters. | E E E Transactions on Power Electronics, 36(10), 11984 - 12007. Article 9394766.
https://doi.org/10.1109/TPEL.2021.3070548

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 04, 2025


https://doi.org/10.1109/TPEL.2021.3070548
https://vbn.aau.dk/en/publications/453af7dd-8b54-46a8-8ad5-4286579100f7
https://doi.org/10.1109/TPEL.2021.3070548

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2021.3070548, IEEE
Transactions on Power Electronics

A Review on Direct Power Control of Pulse-Width
Modulation Converters

Shuo Yan, Member, IEEE, Yongheng Yang, Senior Member, IEEE,
S. Y. Ron Hui, Fellow, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Starting from the principle of instantaneous power Vo, Vg Converter voltages in two-phase stationary frame
theory, this paper explores various direct power control (DPC) Vy, Vq Converter voltages in two-phase rotating frame
strategies for three-phase two-level pulse-width modulation iabe Converter currents in three-phase stationary
(PWM) converters. After summarizing the fundamental power frame
formula of PWM rectifiers, the paper studies the operating i, i Converter currents in two-phase stationary frame

principle of the conventional table-based approach and its related

improvements. It further looks into the advanced counterparts I Magnitude of converter current

employing the space vector modulation (SVM) and different ld, Iq Converter currents in two-phase rotating frame
nonlinear control strategies. The emphasis is put on the prevailing Ve DC voltage

predictive DPC (P-DPC). Besides, the voltage-sensorless and L,r Inductance and resistance of the L filter

robust DPC methods based on the virtual flux concept and the Ls, I's Inductance and resistance of the power supply
state observer or estimator are investigated. Critical issues, w Fundamental angu|ar Speed of Supp|y V0|tage
including the sample delay, constant switching frequency, duty 1P, r Active and reactive power rate

cycle optimization, objective function, and unbalanced operation ts Sampling frequency

are examined. n The number of samples

Index Terms—PWM converters, direct power control, ! The number of prediction steps

instantaneous power theory, space vector modulation, predictive m The sector number
control. Re() Real part of space vectors
Im() Imaginary part of space vectors
NOMENCLATURE
Variables and Symbols Superscripts
S Instantaneous complex power +,— Positive and negative sequence
T Extended instantaneous complex power ref Reference value
e Supply voltage space vector ext Extended p-q theory
i Converter current space vector * Conjugate value
\Y; Converter voltage space vector A Estimated value
7 Virtual flux space vector _ ' One-quarter cycle delay
p, q Instantaneous active and reactive power
Ap, Ag  Instantaneous active and reactive power Subscripts
Increment _ _ a,bc Three-phase stationary frame
P,Q Average value of active and reactive power o p Two-phase stationary frame
abc Supply voltages in three-phase stationary frame d q Two-phase rotating frame
€ B Supply voltages in two-phase stationary frame k The number of converter voltage space vectors
E Magnitude of supply voltage
Eq, Eq Supply voltages in two-phase rotating frame LIST OF ABBREVIATIONS
3 In!t!al phase angle of supply voltage PWM Pulse-width modulation
6 Initial phase angle of converter current VOC Voltage oriented control
0 Phase angle of supp_ly voltage _ DPC Direct power control
Vabe Converter voltages in three-phase stationary SVM Space vector modulation
frame PLL Phase-locked loop
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ORS Output regulation subspace

GVM Grid voltage modulated

0SS Optimal switching sequence

FOLPF First-order low-pass filter

NF Notch filter

SOGiI Second-order general integrator

QSG Quadrature sequence generator

LO Luenberger observer

KF Kalman filter

MRAS Model-reference adaptive system
SMO Sliding mode observer

P, 1, D, R Proportional, integral, differential, resonant
SRF Synchronous rotating frame

CCF Complex-coefficient filter

ISC Instantaneous symmetrical component
VSI Voltage source inverter

ROVI Reduced-order vector integrator

THD Total harmonic distortion

DFIG Doubly fed induction generator

DTC Direct torque control

ST Super-twisting
NPC Neutral point clamped
APF Active power filter

|. INTRODUCTION

HE pulse-width modulation (PWM) converter has a wide

range of applications in power processing due to its merits
of regeneration abilities, regulated dc voltage, low current
distortion, and high power factor [1], [2]. To utilize the full
capacity of PWM converters, various control strategies have
been proposed over past decades. They can be mainly
categorized into voltage-oriented control (VOC) and direct
power control (DPC). In general, VOC employs inner current
loops to calculate the voltage reference and uses the space
vector modulation (SVM) to synthesize switching pulses. In the
literature, different linear and nonlinear control techniques have
been developed in the synchronous, stationary, or natural frame
[3]. Nevertheless, the overall performance of VOC highly
depends on the quality of the inner current loop [4] and the
bandwidth of the phase-locked loop (PLL) for synchronization
[5]. In contrast, DPC aims to regulate PWM converters by using
the active and reactive power as control variables directly. It
originates from the direct torque control and utilizes the
instantaneous power theory as the mathematical framework.
The pros and cons of VOC and DPC strategies are summarized
in TABLE I.

The first DPC was proposed in 1991, in which a switching
table was established to control the active and reactive power
of PWM rectifiers based on the sign of the desired power
change and the grid-voltage angular position [6]. Since then,
different tables have been proposed based on either the grid-
voltage or the virtual flux (VF) concept. However, limited
improvements are conceived, since the use of hysteresis
comparators for power regulation leads to a variable switching
frequency and requires a high sampling frequency for good
control performance. To tackle these problems, DPC is

TABLE |
THE PROS AND CONS OF VOC AND DPC STRATEGIES
CONTROL ADVANTAGES DISADVANTAGES
e Constant switching e Use of coordinate
frequency transformation
e Advanced PWM e Active and reactive
VOC strategies are applicable decoupling is
e Low-price sensors and required
processors e Complex control
e Robust to parameter structure
variations e Controller tuning
e No PWM blocks e Variable switching
e No inner current loops frequency
¢ No coordinate e Large interfacing
transformation inductor is required
DPC e Decoupled active and ¢ High sampling
reactive power control frequency is required
o Simple control structure | e Fast sensors and
¢ No controller tuning is processors are
required required

implemented with proportional-integral (PI) regulators and the
SVM scheme to directly compensate for the active and reactive
power [7]. Such a DPC-SVM s further established to
compensate for voltage dips and harmonics in nonideal
conditions [8]. In recent decades, tremendous efforts have been
made to enhance the capability of DPC by utilizing advanced
nonlinear controllers. Prevailing implementations include
model predictive control (MPC) [9], sliding mode control
(SMC) [10], backstepping (BS) control [11], boundary control
[12], and fuzzy logic [13]. In particular, the combined use of
DPC and MPC creates an important group of predictive DPC
(P-DPC) solutions. These techniques have been extensively
investigated in terms of control performance, design
complexity, and digital implementation. In addition to the well-
known finite-control-set P-DPC (FCS-P-DPC) and deadbeat P-
DPC, advanced techniques based on the state observers and/or
estimators were developed to explore the voltage-sensorless
and robust P-DPC [14]. Improvements aiming to operate DPCs
in nonideal supply conditions have been broadly discussed in
the literature as well [15-17]. A summary of various DPCs is
provided in TABLE Il. Although there are many DPC solutions,
a general benchmarking is missing to assist the design and
control of high-performance PWM converters.

This paper reviews the state-of-the-art DPCs for three-phase
two-level PWM converters. In Section |Il, the classic
instantaneous power theory is briefly explained, and its
implications on different DPCs are addressed. Section Il
studies the principle of the table-based DPC (TB-DPC) and
related improvements. Section IV looks into the DPC-SVM. In
Section V, various P-DPCs are categorized into the FCS-P-DPC
and the deadbeat P-DPC. Section VI continues the discussion
of DPC with other nonlinear control schemes. Section VII
inspects the voltage-sensorless and robust DPC with state
observers and/or estimators. Section VIII studies the
implementation of DPCs under nonideal supply conditions. In
Section IX, the performance of typical DPC strategies are
compared. Section X discusses applications of DPC in other
power electronics systems. The paper is concluded in Section
XI.
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TABLE Il

A SUMMARY OF VARIOUS DIRECT POWER CONTROLS
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TYPES OF DIRECT POWER
CONTROLS

REFERENCES

ANALYZING METHOD

PROS

CONS

[6]. [20-23], [25]

Simplified power rate
(12)

Removal of pulse-width
modulation, phase-locked loop,

Non-constant switching
frequency; high sampling
frequency; high values of

, and current loops® -
Voltage-based [24], [30] Complete power rate (9)  and current loops inductance
Output regulation Improved vector selection Increased design
Table-based [33], [34] P 9 considering the inductor - g
) subspace complexity
direct power voltage drop
controls* Improved dynamics; resilience

Virtual-flux-based

[26], [28], [32]

Pure integrator for
virtual flux/power
estimation

to unbalanced and distorted
conditions; low total harmonic
distortion

Sensitive to DC drift and
initial bias; reliance on the
inductance value of filters

[31]

Output regulation
subspace

Improved vector selection;
consideration of power limits

Pure integrator; increased
design complexity

Direct power control with space
vector modulation

[71

Virtual-flux-based power
calculation

(8], [37], [38]

Voltage-based power
calculation

Constant switching frequency;
direct compensation of power
error with proportional-integral
controllers;

Tuning effort; coupled
active and reactive power
control

[39]

Voltage-based output
regulation subspace

Refined reference vector

Increased computational
burden

Finite-control-set

Predictive predictive direct
direct power  power control
control

[9], [39], [40], [56], [66],
[67]

Single-vector estimation

Simple control design; the
guarantee of global optimal
vectors

High power ripple; high
sampling frequency

[24], [30], [34], [41-45],
[54], [57], [63], [64]

Two-vector estimation

[27], [46-53], [55], [65]

Three-vector estimation

Improved control performance
with duty cycle optimization

High computational
burden; duty cycle out of
zero to one

Deadbeat
predictive direct
power control

[32], [58], [59-62]

Inversed power model

Closed-form voltage reference;
arbitrary voltage vector

Sensitivity to parameter
changes; use of pulse-
width modulation

Lower sensitivity to supply

S(I)Ir?tlrr:)? mode [10], [15] — voltage unbalances and Chattering issues;
Direct power distortions
control with . Systematic and recursive
other ?sr?tl?ztfppmg [11], [16] - design; high stability; robustto ~ Complex stability analysis
nonlinear uncertainties
controls Adant to nonlinearity: eas Slow response; increased
Fuzzy logic [13], [65] — Adap . Y: easy complexity for better
implementation
accuracy
SE\(\életghlng—model— [25] Switching circuit model Removal of voltage sensors; High sensitivity;
Integrator-based [26], [28] Pure integrators Smooth power estimation ﬁﬁ?glt It\)li?i? dc drift and
Voltage- First-order low-pass -
sensorless Filter-based 129, [62], [82], [83] filters; band-pass filter; Elimination of DC offset and :\:iﬁ’ﬂﬁg?feﬁ;qsﬁﬁg\?s&r
direct power ' ' ' Notch filters, Second- initial bias frequenc variation
control order general integrator 4 Y

Observer-based

[14], [98-103]

Luenberger observers;
sliding mode observers;
extended observers;

Robust to parameter
mismatches

Tuning of observer
parameters; stability issues;
convergence speed

Direct power control with
parameter estimation

Robustness to parameter

Assumption of unity power
factor; invalid for no-load

(47] Ohm’s theory mismatches; simplicity operation; sensitive to
frequency variation

[67] ﬁcggitﬁzg\e/oltage Fast convergence Sensitive to disturbances

[104] Continuity of line Good accuracy Complexity; slow response

currents and DC voltage

due to iteration

[105], [106]

Least-square evaluation

Real-time estimation

High computational burden

Requirement of sequence

Direct power  Ripple terms [15-17], [61], [107], Voltage/current . . . ; _
control for calculation [121-122] sequence separation Flexible compensation target; Isgslf;?jnlco)r;;:d phase
unbalanced - - - -

- Extended power [30], [42], [43], [60], ) Simple control design; low Single compensation
operations theory [110], [123], [124] Extended p-q theory current distortion target;

* Items in bold style are primary types of direct power controls.
# Underlined pros and cons are common in one primary type of direct power control.
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Fig. 1. General schematic of a three-phase two-level PWM rectifier with direct
power controls, where L and r are the inductance and resistance of the L filter;
Ls and r are the inductance and resistance of the supply; C is the capacitance
of the DC capacitor; R is the load resistance.

Il. INSTANTANEOUS POWER THEORY

Instantaneous power theory is the mathematical framework
of various DPCs. Among different concepts, the classic version
(also known as “p-q theory”) proposed in [18] and generalized
in [19] is the standard option. The p-g theory defines the
physical feature of instantaneous active and reactive power in a
three-phase system. Moreover, it provides insights into how the
power flows from a source to a load or circulates between
phases in a three-phase system. In this section, based on the
instantaneous power theory, the important formulas of a three-
phase rectifier are summarized. Fig. 1 shows the general
schematic and control structure.

A. The p-q Theory

The complex power of a three-phase system can be
calculated as the dot product of the voltage vector and the
conjugate of the current vector as

S=2(e-") €

where e is the space vector of the supply voltage, | is the
space vector of the rectifier current, and “*” stands for the
conjugate of a complex vector.

The real and imaginary parts of (1) are further defined as the
instantaneous active and reactive power, respectively:

3 o
p=—Rele-i
> Re(e1) o

q:glm(e-i*)

B. Power Formula of PWM Rectifiers

The instantaneous power model of PWM rectifiers is
essential for the development of a DPC. According to Fig. 1 and
based on the Kirchhoff’s voltage law (KVL), the voltage
balance equation of the circuit is written as

e:r-i+Lﬂ+v (3)
dt

V3(010) V2(110)
1
va(011) Yo(000) ., (100)
vs(001) ve(101)

Fig. 2. Voltage space and rectifier voltage vectors. [Note: m=1,2,3, ... 6 is
used to indicate the sector number in this paper].

where v is the space vector of the rectifier voltage; r and L
are the resistance and inductance of the inductive filter.

Assuming an ideal source, the supply voltage vector is
expressed as

e= Ee jot+6g (4)

in which E is the magnitude of the supply voltage vector, and
is the fundamental angular speed, and 6k is the initial phase
angle.

Based on the finite switching states, the rectifier has in total
eight voltage vectors, consisting of two zero vectors (vo and v7)
and six nonzero vectors (Vi, V2, Vs, Vs, Vs, and Vvs). The six
nonzero vectors can be denoted in a general way as

v, =2y, ' 5)
3

where k=(0,1,2,3,-~~,7) is the number of the vector denoted

in Fig. 2, and Vqc is the DC voltage of the rectifier. Nonzero
vectors separate the voltage space into six sectors, upon which
the angular position of the supply voltage or VF is determined.

From (3) and (4), the derivatives of the supply voltage and
the rectifier current are written as

di 1 .

2 T (e_v— 6

;" L(e v—ri) (6)
de _ jwe @
dt

The total derivative of (1) defines the dynamic feature of the
instantaneous complex power as
as 3., o1 .
—=—(E’-e-v )-=(r-jowlL)-S 8
a ol )= (r-ol)
from (8), the instantaneous power rate of active and reactive
power is obtained as
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Fig. 3. An example of active/reactive power rate based on (9) in per-unit system.
(Parameters in the equation are E =120 V (RMS), V¢ =300V, r=04 Q,L =8
mH, o = 314 rad/s, p = 1000 W, g =0 Var.)

12000
E—y
9000 —v,
2 6000¢ ] V3
= — V4
S 3000 | — ve
© O V6
— Vo/V
-3000 v
1
sooo‘
—~ 4000
S
o
= 0
5
S 4000}
oSS I D e St
0 w3 2n/3 w 4n/3 5x/3 2=

Fig. 4. An example of active/reactive power rate based on (11) in per-unit
system. (Parameters in the equation are E = 120 V (RMS), V4 =300 V, r = 0.4
Q,L=8mH, w =314 rad/s, p=1000 W, q =0 Var.)

dgp 3 _, V,.E [ P ) r

Lo 22tk cos| ot +6, —=(k-1) |-—p-

dt 2L L Pt 3( ) L P
d V, E . T r
d—?:—"fsm(a)HHE—E(k—l)j—Equa)p

9)

Eqgn. (9) is important in DPC, since it mathematically
defines the impact of eight voltage vectors on the rate of
active/reactive power with respect to the angular position of the
supply voltage. In early works on DPC, the derivative of the
supply voltage is not considered by assuming an ideal source
voltage. Therefore, with negligible inductor resistance, the
power rate is readily calculated by multiplying the supply

0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

voltage and the current derivative. Hence, (8) and (9) are
simplified into (10) and (11), respectively:

d_S:i(Ez_e.V*) (10)
dad 2L
%:iEz —Ecos(a)HaE —Z(k—l)j
d 2L L 3 (11)
d—q:—\ﬁsin(a)tJreE —Z(k—l)J
dt L 3

It is a common practice to plot (9) or (11) with each of the
eight voltage vectors so that the sign of the power rate with
respect to the angular position of the supply voltage can be
determined to facilitate the selection of suitable voltage vectors
for power control. An example is given in Figs. 3 and 4 based
on (9) and (11), respectively. The red-solid straight lines in
Figs. 3 and 4 indicate the dc offset of active/reactive power rate.
By comparing Figs. 3 and 4, it can be found that ignoring the
inductor resistance and the source voltage dynamics leads to the
horizontal shift of the active/reactive power rate. Therefore,
control logics established based on (11) could be inaccurate,
especially at the instant when the power rate is crossing zero.
Further simplification of (11) assumes that the initial phase
angle of the source voltage is zero (i.e., & = 0°). As aresult, a
proportional relationship between the power rate and decoupled
rectifier-voltages is obtained in the two-phase synchronous
framework as

dt 2 (12)

where Vy and Vq are the decoupled rectifier voltages in the
synchronous framework and are calculated as

V, =V, cos| —Z (k-1
d dc 3 )

V, =V, sin(—%(k—l)j

I11. TABLE-BASED DIRECT POWER CONTROLS

This section summarizes the TB-DPCs using the supply
voltage or VF for vector selection. The essential procedure of
establishing a switching table is discussed in details. Moreover,
related improvements are explored.

A. Fundamentals of TB-DPCs

The first TB-DPC was introduced in 1991 [6]. Since then,
many improved switching tables have been proposed. These
TB-DPCs are different in the table establishment. Early works
of TB-DPC adopts the simplified version of the power rate
given in (11) or (12) to calculate the sign of the power rate [6],
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Fig. 5. Typical control structure of a table-based direct power control.

[20-23], while refined works utilizes the full expression in (9)
for more accurate analysis [24].

The establishment of an offline switching table is critical in
developing a TB-DPC. The sign of the active and reactive
power rate induced by each rectifier voltage vector is inspected
so that vectors giving the desired sign in every sector can be
selected to form a switching table. Using the digitalized power
error as the input, hysteresis comparators are implemented to
determine the expected sign of the power rate. In practice, the
optimum switching state is selected from the switching table
based on the angular position of the source voltage [25] or the
VF [26], with the angular position of the selected rectifier
voltage applied in a few cases [27]. The typical structure of a
TB-DPC is shown in Fig. 5.

The hysteresis band of the comparators has a significant
impact on the power regulation and the switching frequency. A
smaller bandwidth results in lower power errors but higher
switching frequency. Another well-known issue of using
hysteresis comparators is the non-constant switching
frequency, which complicates the design of filters and cooling
devices. A simple method is proposed in [23]. The hysteresis
band of the comparators is dynamically adjusted with respect to
the switching frequency. This approach prevents the
unnecessary short switching pulses but fails to achieve the
genuine consistent switching frequency.

B. Virtual Flux

The VF concept has a wide range of applications in the
electrical motors control. It was originally introduced to
improve the performance of voltage-sensorless DPCs. As
compared with the voltage-based counterpart, the VF-based
DPC can improve the current waveform in nonideal grids and
achieve a lower sampling frequency and simpler voltage/power
estimations. Besides, it avoids sharp errors of the estimated
value at the switching instant.

A comprehensive design of the VF-based DPC is conducted
in [28]. The VF vector is defined as the integration of the source
voltage:

v = _[e dt (13)

The derivative of the VF vector results in a new expression of
the supply voltage as

d dy i | -
e=—(y)=—e + jo- (14)
W) e ey
By assuming an ideal supply voltage, the derivative of the VF’s
amplitude in (14) can be ignored to simplify the analysis.
Therefore, the supply voltage becomes

e=jo-y (15)

However, this simplification reduces the accuracy of the VF
estimation during the startup or sudden voltage changes [29].

Applying the p-q theory, the instantaneous active and
reactive power based on the VF are derived as

3 A
pzza)Re(j\y-l ) (16)

q :ga)lm(jw-i*)

To design the switching table, the rate of the instantaneous
active and reactive power can be further derived as

dp_3 o* 1 2 . *
E—Ea)Re(—a)\y-l +E((0|\|l| -Jy-v )] (17)
da 2 L

Based on (17), similar plots of the active and reactive rate as in
Fig. 3 can be obtained. Following the same design principle as
the TB-DPC, VF-based TB-DPC can be developed [26]. Since
the VF is broadly applied to derive the voltage-sensorless DPC,
the integral method plays an important role in the performance
of the VF-based TB-DPC. Besides,. These aspects will be
addressed in section VII/A.

C. Improvements of the TB-DPC

The switching table in [25] is regarded as a benchmark, to
which other switching tables are compared. It is established
based on two simple rules: i) rectifier voltage vectors closer to
e increase active power while zero vectors and/or vectors
immediately further from e decrease active power, and ii)
converter vectors leading e decrease reactive power while those
lagging e increase reactive power. However, this pioneering
switching table does not guarantee a good power regulation at
all intervals. Vectors selected to increase active power and
decrease reactive power give false control commands due to the
wrong sign of the reactive power rate, thus resulting in
significant power ripples and current distortion.

In [24], a general switching table is proposed. A same table
is introduced in [30] based on the extended power definition in
order to remove the double-fundamental frequency power
oscillation of PWM rectifiers in unbalanced conditions. From
this general table, another three improved tables can be
obtained as in [20-22]. The table in [20] replaces the unsuitable
row of increasing active power and decreasing reactive power
in [25] to reduce the power ripple and current distortion. Ref
[21] makes the same change and further replaced zero vectors
with active vectors for increasing both active and reactive
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Fig. 7. An example of output regulation subspace analysis.

power. Ref [22] replaces the vectors for increasing and
decreasing active power while increasing reactive power.
However, these switching tables show minor difference in the
control outcome [31]. Although another three tables can be
derived based on different combinations of redundant vectors
in [24], they are more of interests in the theoretical study but
barely show much performance improvement in practice. In
[32], further table improvements are achieved by quantitatively
analyzing the impact of voltage vectors on the power rate over
one sector. To restrain the power ripple, voltage vectors
inducing moderate power change are used in vicinity of the
sector boundaries. Therefore, each sector is further divided into
three sub-sectors having g, (60°—25), and 5 phase angle, as

shown in Fig. 6. Based on this sector division, the 12 sector
divisions in [21] and [25] is a special case when ¢ is equal to
30°.

An underlying assumption of these heuristic switching
tables is that the origin of the power rate plane is the same as
the origin of the voltage vectors plane by neglecting the voltage
drop across the inductor. This assumption results in an
inaccurate selection of optimum vectors, especially in the
vicinity of sector boundaries. To refine the vector selection,
output regulation subspaces (ORS) have been applied [31], [33-
35]. An example of ORS analysis is shown in Fig. 7. In [33],
the ORS modifies the vector selection by rotating the grid
vector for a precalculated angle before selecting the rectifier
vector to compensate for the voltage drop over the inductor. The
angles are calculated to guarantee that the approximate ORS
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Fig. 8. Typical structure of direct power control with space vector modulation.

creates the same partition of the subscribed circle as the original
ORS, so that the zones indicating different combinations of the
power rate signs are better determined. Based on similar ORS
analysis, [35] proposes a vector reference as the composition of
an equivalent vector (the vector pointing from the origin of the
voltage vectors plane to the origin of the power rate plane) and
a proportion of the source voltage vector and its conjugate. In
fact, this ORS-based DPC belongs to the DPC-SVC to be
discussed in the next section due to the use of SVM or PWM in
synthesising the reference. In [31], the ORS is applied together
with the VF concept to enforce a “voltage-to-power”
transformation, by which the circle indicating the inverter
voltage limit is converted into another circle defining the power
limit. The impact of the inductor voltage drop on the vector
selection is addressed by moving the origin of the power rate
plane from the terminal of the source voltage vector to the
terminal of the vector as the sum of source voltage and the
inductor voltage.

Due to the DC offset of the active power rate function (see
the upper plot of Fig. 3), the crossover angle of the active power
rate takes place inside each sector. The exact value of the
crossover angle depends on the real-time value of the DC
voltage and the source voltage. If the boosting ratio of the DC
voltage is not well designed, the selected vector may reverse the
power regulation. To solve this problem, a dynamic switching
table is proposed [36]. The DC voltage and supply voltage are
fed back to calculate the crossover phase angle and update the
switching table dynamically. Apparently, this dynamic table
could work appropriately only if the sampling frequency and
computational speed are high enough to ensure the real-time
establishment of switching tables.

IVV. DIRECT POWER CONTROL WITH SPACE VECTOR
MODULATION

The variable switching frequency resulting from hysteresis
comparators is a major drawback of conventional TB-DPCs. To
overcome this problem, SVM is implemented to generate the
voltage reference. Different from the TB-DPC, the DPC-SVM
calculates the average voltage reference via linear regulators
with active and reactive power as control variables instead of
selecting a vector from a switching table. A general control
structure of the classic DPC-SVM is shown in Fig. 8. The SVM
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Fig. 10. Structure of the grid voltage modulated direct power control [38].

is also applied to a deadbeat P-DPCs to modulate the closed-
form voltage reference calculated according to the inverse
predictive power model. This category of P-DPC with SVM
will be discussed in Section V/B.

The classic DPC-SVM proposed in [7] contains two Pl
controllers to calculate the stationary voltage reference using
the instantaneous active and reactive power errors as control
variables. This method was established using the simplified
power model that neglects the supply voltage dynamics in the
VF-based framework. Besides, the coupling effect of the d-q
rectifier voltage on the rectifier power is not well addressed. In
[37], the active filtering feature is added to PWM rectifiers by
modifying the classic DPC-SVM. Two high-pass filters are
implemented to isolate the harmonic active and reactive power.
The sum of the positive-sequence power and harmonic power
are used as the input of the Pl-based DPC-SVM similar to [7].

An improved DPC-SVM is introduced in [8] to operate the
PWM converter in unbalanced and distorted conditions. The
structure of this improved DPC-SVM is shown in Fig. 9. As a
part of the power calculation, the voltage dip compensation is
achieved by two voltage estimators consisting of a notch filter
and a low-pass filter to isolate the positive- and the negative-
sequence supply voltage. The harmonic compensator is in the
form of an integrator with a finite DC gain tuned for specific
harmonics. Since the controller is deployed in the stationary
frame, the park transformation in targeted harmonic frequencies
is necessary for the compensation purpose. This

implementation results in a high computational burden due to
the use of multiple transformation blocks.

A recent work on the DPC-SVM improves the classic DPC-
SVM by making the use of the power rate model in (9) [38].
The so-called grid voltage modulated direct power control
(GVM-DPC) utilizes the intrinsic Clarke transformation
formed by the dot product of the grid voltage and the converter
voltage in the a-p frame (also called inverse GVM). In other
words, the trigonometric terms of the a-§ grid voltage are used
to form a Clarke transformation matrix to obtain the converter
voltage in the d-g frame. This leads to decoupled active and
reactive power control using Pl regulators and feedforward
terms to obtain the voltage reference. Fig. 10 shows the
structure of the GVM-DPC. Although it is convenient to use the
stationary grid voltage to enforce the Clarke transformation, the
proposed method could be ineffective if the grid voltage
contains harmonics and/or negative-sequence components.

V. PREDICTIVE DIRECT POWER CONTROL

In the recent decade, model predictive control (MPC) has
been become a popular technique for power converters due to
its simplicity, flexibility, and the convenience of adding control
constraints. The combined use of MPC and the instantaneous
power theory forms a new family of DPC, known as P-DPC. As
compared with the TB-DPC, the P-DPC guarantees the optimal
vector selection based on the principle of power ripple
minimization.

The FCS-P-DPC and the deadbeat P-DPC are two main-
streams of P-DPCs. Based on the finite switching state model
of PWM converters, FCS-P-DPC uses a single vector or a
concatenated vectors’ sequence to regulate the instantaneous
power. Deadbeat P-DPC uses the inverse predictive model to
calculate the voltage reference that nullifies the instantaneous
power error at each time-step. This section summarizes the key
elements of the two types of P-DPCs. Besides, implementation
issues including the control delay, the objective function, and
the calculation of the power reference are discussed.

A. FCS-P-DPC

FCS-P-DPC evaluates the eight switching states of power
converters and selects one or several vectors in one control
cycle to achieve the optimized power regulation. Based on the
power rate function in (9) or (11), the converter power in the
next time-step is predicted as

{p(n+i)=p(n)+Ap (18)
q(n+i)=q(n)+Aq

where p(n) and q(n) are the active/reactive power measured

at n" cycle, 4p and 4gq are the predicted power increase in one
or more time-step, and i defines the number of the prediction
horizon.

The incremental terms on the right-hand side of (18) varies
in response to the number of vectors applied. It predicts the
amount of power change induced by the selected vector(s)
within a fixed time-horizon. In one-vector approaches, the
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Fig. 12. Vector selection criteria in [40].

increment is the product of the time-step and the power rate of
the selected vector. In multi-vector approaches, the incremental
terms are the sum of power changes induced by all selected
vectors.

To evaluate rectifier vectors, an objective function is
imposed to predict the power error so that the vector or the
sequence of vectors giving the minimum power error can be
determined. The objective function is common in the form of
the square sum as in (19). Although the absolute sum of the
power error is used in some works, it is more convenient to
apply (19) in further mathematical operations.

obj =(p* - p(n+i))2 +(q" —q(n+i))2 (19)

where p™f and g™ are the active and reactive power reference.

Egns. (18) and (19) are rudimentary in FCS-P-DPCs, as they
carry out the key steps of power prediction and power error
evaluation.

1) Single Vector Approaches

In [9], the conventional FCS-P-DPC using a single vector is
introduced. A two-step predictive model is developed to
evaluate the power variation induced by voltage vectors so that
the one giving the minimum power error is selected. Although
the P-DPC using a single vector is intuitive to implement, a high
sampling frequency is necessary in order to achieve a good
reference tracking performance. The structure of the single-
vector FCS-P-DPC is shown in Fig. 11.

In [39], a preselection scheme is introduced to reduce the
switching loss by prohibiting the switching operation of the
phase carrying the largest current. As a result, only four vectors
are examined by the objective function to determine the
optimum one in each control period. The proposed approach
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Fig. 13. Structure of model predictive approach using two or three vectors.

requires a two-step prediction of both rectifier current and
power, thus exhibiting an increased control complexity.

A simplified two-step prediction is developed to reduce the
switching frequency in [40]. The objective function calculates
the total power error in the first and the second time-step.
Instead of examining all 49 (7x7) combinations, the proposed
approach evaluates the same vector in the first and the second
time-step. Therefore, the number of the vector sequences to be
examined is reduced from 49 to 7. The selection criteria is
shown in Fig. 12. Although the computational burden is
significantly reduced, the use of the same vector in two time-
steps could not ensure the global minimization of power errors.

2) Two-Vector Approaches

Applying one vector during one control period is limited in
exerting the full potential of the FCS-P-DPC. Therefore, two-
vector’s approaches have been extensively investigated. In two-
vector’s approaches, the one-step power prediction is written as

p(n+1)=p(n)+[ Kt —r (t,~t)] (20)
q(n+1)= q(n)+[r1qt1—r2q (t, —tl)]

with ., r,’ , r%,and r;' the active and reactive power rate
of the first and the second voltage vector, respectively, t; the

application time of the first voltage vector, and ts the sampling
period.

Based on the first derivative test, the cost function is
differentiated towards the time interval of the first active vector
as in (21). The solution calculates the optimized duty cycle
giving the minimum value of the objective function. The
general structure of two-vector FCS-P-DPC is shown in Fig. 13.

dobj _, (21)
dt,

A simple two-vector P-DPC using one active vector and one
zero vector is proposed in [24], [34], [41-43]. The active vector
can be selected online using the power error evaluation [42] or
from a predefined table [43]. The application interval of the
chosen vectors is optimized toward the minimization of the
objective function. A fraction of the control period is allocated
for an active vector and the remaining time for a zero vector.

The use of zero vectors to fill up the control cycle is
intended to enforce the moderate power change. However, this
idea is feasible only if zero vectors have no significant impact
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Fig. 14. An example of “3+3” vectors’ sequence.

on active and reactive power. As shown in Fig. 3, zero vectors
have negligible impact on reactive power but noticeable
influence on active power. To address this problem, a different
vector sequence is proposed in [44], [45]. Instead of using
strictly an active plus a zero vector, the vector sequence is
relaxed to one active plus either a zero or an active vector for
better steady-state performance. To find the optimal vector pair,
[44] proposes a repetitive evaluation of twelve pairs (six pairs
consisting of an active plus a zero vector and six pairs
comprised of two consecutive active vectors) in one control
period. The duty cycle of the first active vector is calculated by
the Mamdani fuzzy logic, and the Lyapunov function is used to
exclude pairs violating the stability criteria. As a result, the
proposed evaluation method has high complexity due to the use
of the fuzzy logic modulator and the online stability
examination. A simplified two-step vector selection is proposed
in [45] based on the low-complexity evaluation originally
proposed for motor control. The first vector is chosen as the one
nearest to a reference vector, whilst the second vector is chosen
geometrically based on the region (that defines the minimum
tracking error among two adjacent active vectors and two zero
vectors) toward which the reference vector points. This
approach avoids the repetitive calculation of the optimal duty
cycle and the evaluation of the cost function, thus exhibiting a
quick selection feature.

3) Multiple-Vector Approaches

More sophisticated multi-vector P-DPC methods using
three vectors are originally proposed in [46], [47] and further
improved in the vector selection approach [27], [48-51] and the
arbitrary vector formation [52], [53].

Similar to the two-vector’s approach, the three-vector’s
approach predicts the rectifier power with a sequence of three
vectors and uses the objective function for power evaluation.
Therefore, the one-step power prediction is written as

p(n+1)= p(n)+[rl"tl+r2pt2 +1P (1, —g—tz)]
q(n+1)= q(n)+[r1“t1 + 0+ (t -t —tz)]

(22)

where rP?

P, and ', r) are the active and reactive power rate

of the two active vectors; rand r; are the active and reactive

power rate of the zero vectors; t, and t, are the application time

of the two active vectors.

Based on the first derivative test, (22) is differentiated
towards the time interval of the two active vectors as given in
(23). The solution calculates the optimal duty cycles giving the

10

minimum value of the objective function. The structure of
three-vector approach is similar to the two-vector approach
shown in Fig. 13.

aobj
a (23)
aobi _

atZ

The classic method adopts two symmetrical concatenated
switching patterns using three vectors, known as “3+3 vectors’
sequence” [46], [47]. An example is shown in Fig. 14. Using
the angular position of the grid vector, the approach selects two
active vectors and one zero vector according to the rule of the
minimum communication number. Such a vector selection
logic is similar to the design rule of table-based schemes,
resulting in limited performance improvements in steady-state.
To refine the power vector selection, [50] introduces the
predictive optimal switching sequence (OSS). The OSS
calculates the optimized duty cycle of all twelve vectors’
sequences and evaluates the corresponding power error to select
the optimal sequence. Although the global optimal sequence is
ensured without calculating the angular position of the grid
voltage, the high computational burden increases the control
complexity significantly. To simplify the vector selection, [51]
proposes a strategy to establish the vector sequence without
using sector information and the angular position of the source
voltage. The proposed strategy adopts fixed voltage vectors and
uses the sign of the optimized duty cycle and their combinations
to determine the actual vectors and their optimized duty cycle.
Besides, a duty cycle reconstruction scheme is proposed to
enable the symmetrical distribution of selected vectors and
circumvents the faulty values of the duty cycle (i.e., duty cycle
smaller than zero or larger than one).

In fact, using the first derivative test to calculate the optimal
duty cycle could result in value exceeding the range from 0 to
1. The intuitive approach of limiting the value saturation causes
immediate control failures, such as the sudden power surge. In
[27], [48], [49], the issue of a duty cycle smaller than zero (“D
< 0”) is inspected. Results shows that in the ending part of even
sectors in 12-sector cases (equivalent to the ending part of all
sectors for 6-sector cases), selected vectors result in a positive
reactive power rate. The minimization of the cost function leads
to a negative duration time of the secondary active vector. To
address this problem, the secondary active vector is replaced by
another active vector producing negative reactive power rate in
the ending part of odd sectors. In [54], the issue of duty cycle
larger than one (“D > 17) is studied. Results shows the selection
of appropriate vectors depends on not only the sign but also the
absolute value of the induced power rate. If a voltage vector
inducing an insufficient power rate, an increase in duty cycle
can be observed, which further causes current spikes and power
surge. To address this issue, a new table containing an
additional precalculated interval in every sector is developed to
eradicate the “D > 1” case and its associated power quality
issues.
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Recent developments of the multi-vector approach interpret
the vector sequence from a different perspective [52], [53]. The
so-called arbitrary vector formation separates the converter
vector optimization into “phase” (or direction) and “length” (or
amplitude) optimization. Two adjacent active vectors are first
selected by evaluating all six combinations. Based on the
principle of the objective function minimization, their duty
cycle is optimized to ensure that the synthesized vector has the
same angular position as the reference vector. The second step
repeats the duty cycle optimization by using the synthesized
vector and a zero vector to optimize the length. Though better
performance is obtained, the algorithm has a high
computational burden due to the repetitive evaluation and
optimization of the objective function. To handle this issue, a
novel multi-vector approach using the parallelogram geometry
for duty cycle optimization is proposed in [55]. A generic
equation of converter vectors is established to simplify the
vector selection and the duty cycle optimization, without using
the objective function and the first derivative test.

To reduce the evaluation complexity, a low-complex
evaluation is proposed to facilitate the vector evaluation in [56].
The negative conjugate of complex power in the synchronous
frame is introduced as the new control variable to indicate the
length and direction of the ideal converter vector so that only
one prediction is required to select the converter vector nearest
to the ideal vector. It is proved that the objective function of the
low-complex P-DPC is the same as that of the FCS-P-DPCs.
The low-complex approach is further extended to the multi-
vector approach in [57]. In addition to the quick vector selection,
the duty cycle optimization is much simplified.

B. Deadbeat P-DPC

Deadbeat P-DPC is another mainstream of P-DPCs. In this
approach, the optimum space-vector voltage is calculated to
eliminate the power error. SVM is adopted to synthesize the
optimal vector in every control cycle. The deadbeat P-DPC
improves over the table-based approach in terms of constant
switching frequency, less harmonic distortion, lower
computational requirement, and faster tracking speed. As
compared with FCS-P-DPC, the deadbeat P-DPC avoids the
repetitive evaluation of the objective function for vector
selection and duty cycle optimization.

In deadbeat P-DPCs, the complex-power rate is rewritten
based on the first-order forward Euler method as

11

S(n+1)-S(n) _ ds(n)
t dt

S

(24)

By replacing the next-step power with the reference value (i.e.
S(n+1) = S™N, (24) gives a set of linear equations. Its solution
offers the closed-form reference of the converter voltage, which
leads to the zero power error at the end of next time-step. This
reference is modulated by SVM to create switching pulses. The
structure of the deadbeat P-DPC is shown in Fig. 15.

In [58], the optimum rectifier voltage vector is developed in
the a-p frame in balanced conditions. A simplified equation of
the optimum space vector is introduced in [59] by neglecting
the inductor resistance and the supply-voltage variation. The
optimum voltage reference is computed in both the o-f and d-q
frames. Using the same deadbeat principle and control structure,
[60] replaces the original reactive power with the extended
reactive power to improve the performance of the deadbeat
DPC in unbalanced grids. Although the derived reference
equation using this theoretical framework is more complex than
the one using the conventional power definition, the proposed
method is capable of obtaining sinusoidal rectifier current and
eliminating the double fundamental frequency power ripple in
unbalanced grids. In [61], additional oscillation terms are added
to the constant power reference contained in the equivalent
voltage reference to restrain the DC voltage oscillations under
unbalanced grids. However, the stabilization of the DC voltage
is achieved at the expense of oscillating active/reactive power.

In [32], the calculation of the reference voltage is introduced
in the stationary frame based on VF. The equation is derived
based on the simple deadbeat principle of driving the power
error to zero. To compensate for the power error caused by the
non-negligible angular move of source flux at low sampling
frequency, the angle compensation is used to rotate the
reference components for a small angle for better control
accuracy. Ref [62] introduces another optimum vector
calculation using VF. However, only active power is used as the
control variable in deriving the optimum vector equation with
the reactive power untreated. Additionally, the method results
in high current distortion under unbalanced grids.

C. Implementation Issues of P-DPC

1) Control delay

In the digital implementation, the one-step delay is a
common problem of P-DPC. The voltage vector computed at
the present n™ cycle will not be applied until the next (n+1)"
cycle, which results in the error of the power prediction. To
address this problem, a two-step prediction is commonly
adopted. The instantaneous power at (n+2)" cycle is calculated
using the predicted grid voltage, converter voltage, and
converter current at (n+1)™ cycle. The power at (n+2)" is
applied in the cost function to generate the control command
[40-42], [45], [52], [53], [56]. [57], [60], [63], [64].

Some latest works on P-DPC considers the one-cycle delay
as a type of external disturbance and suggests the use of state
observers or disturbance estimators to compensate for the delay.
This implementation conceals a new category of P-DPCs
aiming to improve the control robustness against system
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uncertainties and sensitivity, which will be examined in section
VII.

2) Obijective function

Improvements of the conventional objective function in (19)
can be found in some studies. In [40], the objective function is
modified to address the power error in a two-step prediction.
The active/reactive power errors in the first and the second
prediction are contained in one objective function. Another
two-step objective function is used in [63] to evaluate only the
active power, with the purpose to minimize the active power
ripple.

The use of square sum in (19) could lead to mutual
interference during active and reactive power control. If either
active or reactive power has a large variation, the control weight
is concentrated on one side. In [64], the objective function is
reconfigured to have two weighting factors that can be adjusted
in response to the error term of the corresponding active and
reactive power. By adding these weighting factors, the mutual
interference between active and reactive power in (19) can be
minimized. [65] introduced a similar method in which the fuzzy
logic modulator is used to obtain weighting factors based on the
absolute active/reactive power error.

In [66], the objective function is further expanded to contain
the normalized DC voltage constraints. The constraints of
active and reactive power are normalized and weighted to
ensure that the control action is allocated evenly among the
three control variables. A similar approach using the absolute
error of control variables is discussed in [67].

3) Power reference

In most TB-DPCs and P-DPCs, the active power reference
is calculated by a dc voltage controller using a PI regulator (see
Fig. 16(a)) while the reactive reference is manually set to zero
for unit power factor or other arbitrary values for auxiliary grid
services [9], [39], [51], [53], [58], [64]. An improved option
(see Fig. 16(b)) is to multiply the PI output and the feed-forward
DC voltage to improve the control dynamics [34], [41-43], [45],
[46], [56], [57], [59-61], [63].

These standard implementations of the dc voltage loop are
based on the assumption that the active power flow is balanced
between the input and output of the PWM converter. However,
this may not be valid when the zero vector is applied. To
address this problem, [66] proposes a new filtered DC voltage
reference and the compatible active reference without using a
control loop. The filtered DC voltage reference is calculated to
converge to the true voltage reference within a fixed horizon.
The active power reference is hence calculated by multiplying
the filter DC reference and the rectifier current with the
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consideration of the power loss on the inductor resistance. This
calculation of the dynamic reference ensures the coupling of
input and output power at all instants.

V1. DIRECT POWER CONTROL EMPLOYING OTHER NONLINEAR
CONTROLS

Direct power control strategies employing other nonlinear
control methods have also been proposed in the literature.
Based on the Lyapunov stability principle, SMC is
implemented together with the DPC concept to directly
calculate the converter’s reference voltage in the a-f frame
[10], [15]. Fig. 17 shows the typical structure of SMC-based
DPC.

A DPC based on a natural switching surface is proposed by
using boundary control in [12]. In regulating the active power,
the proposed method uses the rectifier voltage rather than the
active power as the control variable for the selection of the
switching states. As a result, the dynamic performance of the
DC voltage control is improved due to the omission of the
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voltage loop. However, the reactive power control uses the
same hysteresis comparator as in classic TB-DPC. Besides, one
extra voltage sensor is needed to acquire the rectifier voltage.
Fig. 18 shows the control structure.

A BS control technique was applied together with DPC and
SVM, due to its merits of systematic and recursive design
methodology. A BS-DPC strategy is presented in [16] to control
the ac/dc converter with a flexible power compensation and
good dynamic performance under balanced and unbalanced
grid conditions. Another BS-DPC with a second-order dc
voltage and active power subsystem and a first-order reactive
power subsystem is introduced to address system uncertainties
[11]. The structure is similar to the SMC-based DPC in Fig. 17.

In [13], fuzzy logic rules are used to select the best
switching state of the converter at each sampling time, in the
aim to get rid of the predefined switching table. By using the
normalized active/reactive power error as the fuzzy logic
variables, the hysteresis comparator is no longer needed, which
result in smooth power control. Still, the method is very similar
to a TB-DPC using the simplified power rate in (11), although
the proposed table is established based on fuzzy logic rules
rather than the sign of active/reactive power errors. The general
control structure is shown in Fig. 19.

VI1I. DIRECT POWER CONTROL EMPLOYING OBSERVERS AND
ESTIMATORS

A. Voltage-sensorless DPCs

Sensorless control has a long history in ac motor drives [68],
[69]. Existing voltage-sensorless DPCs are based on the duality
with the PWM inverter-fed induction motor where the
estimated flux signal is used in the speed-sensorless vector
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control. In this section, DPCs employing estimators and
observers for the voltage-sensorless operation are investigated.
Based on different estimation algorithms, voltage-sensorless
DPCs are summarized into the filter-based and the observer-
based approaches.

1) Filter-based approaches

The voltage-sensorless DPC is initially proposed in [25].
Based on the KVL theorem, the grid voltage is estimated by
adding the voltage drop on the L-filter to the rectifier voltage.
Although this model-based approach is easy to implement, the
computation of the time derivative of measured currents
introduces high noise sensitivity, especially at the instant of
switching actions. To prevent the differential calculation, a VF-
based voltage-sensorless DPC is suggested [26]. The inherent
filtering capability of the pure integrator (see Fig. 20(a))
improves the accuracy of power estimation under unbalanced
and distorted grid conditions. However, the pure integrator
suffers from the DC offset and initial bias in practical
applications. This problem has been extensively studied in the
sensorless vector control of ac motors, especially in low-speed
operations. A common solution is to replace the pure integrator
with the first-order low-pass filter (FOLPF), as shown in Fig.
20(b). However, the FOLPF induces the magnitude and phase
errors in the estimated VF [29]. Although these errors can be
minimized by setting a low cutoff frequency, the reduction of
bandwidth degrades the effectiveness of rejecting the DC offset.

A lot of efforts have been made to improve the VF
estimation of FOLPFs. The prevalent approach of adding a
feedback term to the transfer function of FOLPFs is introduced
in [70], as shown in Fig. 20(c). Three closed-loop integrators
are proposed and have been benchmarked with other integrators.
The first and the second integrators improve the FOLPF with a
saturate feedback. Although the accurate VF prediction can be
achieved at steady-state conditions, the technique fails to work
at transient states. The third integrator enforces the estimated
flux vector to lag the induced voltage vector for 90° by using a
PI regulator to change the amplitude of the VF compensation
term in response to the DC offset or the initial value. However,
the assumption of absolute orthogonality between the motor
flux and the back electromotive force (emf) is invalid when
disturbances are present in the source voltage. To deal with the
frequency deviation, the programmable FOLPF has been
proposed [71-74], as shown in Fig. 20(d). The frequency of VF
is estimated in each control cycle to adaptively change the
cutoff frequency and the compensation gain of the FOLPF.
Therefore, an accurate calculation of the flux frequency is
critical to the performance of the adaptive FOLPF.

Other filters have also been applied to estimate the virtual
flux in some references. Approaches based on band-pass filters
are proposed to enhance the freedom of shaping the frequency
response [75-77]. However, small errors in the amplitude or
phase angle of the estimated VF are still found in these methods.
In [78], notch filters (NF) based on the cascaded linear neural
networks are proposed to eliminate the DC component in the
calculation of the virtual flux. Due to the use of only one bias
weight, the neural-network-based NF is simple to implement as
compared with the traditional fixed-frequency NF. Several
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estimation.

frequency-independent fast algorithms based on high-pass
filters were proposed in [79]. However, they are valid when
only the fundamental-frequency component is present in the
voltage space vector. To improve the estimation accuracy
without compensating magnitude and phase angle, several VF
calculators based on the second-order general integrator (SOGI)
are proposed [80, 81]. Configured as a quadrature signal
generator (QSG), the SOGI is inherently frequency-adaptive
and is capable of performing sequence separation.

In principle, the above filter-based approaches in the
sensorless vector control of ac motors are equally applicable in
the voltage-sensorless DPC that requires accurate VF
estimations. The structure of filter-based VF estimation is
shown in Fig. 21. In [29], a fast open-loop FOLPF is introduced
to improve the dynamic response of the VF estimation. The
magnitude and phase errors are compensated by examining the
transfer function of FOLPFs at the operating frequency. The
gain and angle shift are utilized to reconstruct the VF.
Obviously, the open-loop integrator can improve the dynamics
but has immediate stability limitations when the frequency
deviation occurs. In [62], a programmable approach similar to
that in [71-74] is applied to improve the VF estimation of a
deadbeat P-DPC. The frequency of the estimated VF is
calculated in real-time and is fed back to change the
compensation gain and the cutoff frequency of FOLPFs. In [82,
83], VF-based P-DPCs using SOGI are proposed. Due to the
small number of works on this topic, there is an interest of
inspecting the performance of other filter-based VF estimations
in the voltage-sensorless DPC.

2) Observer-based approaches

Observer-based approaches have a broad range of
applications in the speed/position-sensorless control of ac
motors [69], [84]. In these approaches, the error between the
plant and observer outputs is usually used as the input signals
to the observer. The observer gain is designed to force the error
to zero so that the estimated value for the states of interest can
converge to their actual value. Popular techniques, including
the Luenberger observer (LO), Kalman filter (KF), model-
reference adaptive system (MRAS), and sliding mode observer
(SMO), have been applied.

The LO is a common technique that uses the full- or
reduced-order model to predict the states of interest. It
minimizes the error of the measured and the estimated outputs
based on a Pl or proportional-integral-differential (PID)
compensator. Despite its simplicity, the LO is limited in
rejecting the noise contained in the feedback signal, hence
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Fig. 22. Structure of a sensorless direct power control with observers.

resulting in inaccurate values in the estimated states of interest.
To overcome this drawback, approaches using the Kalman filter
(KF) as a statistically optimal observer have been proposed [85-
88]. For KFs, satisfactory noise rejection is achieved at the
expense of high computational burden. Besides, the process
noise parameters are needed for tuning of the observer, which
are usually determined by trial and error [89-92]. The MRAS is
another linear scheme for the state estimation. In an MRAS, an
adjustable model and a reference model are connected in
parallel. The output of the adjustable model is expected to
converge to the output of the reference model using a proper
adaptation mechanism [93-95]. The SMO is a popular nonlinear
alternative that uses discontinuous functions of the estimated-
measured state error as inputs (usually a sign function). It relies
on the nonlinear high-gain feedback to drive estimated states to
a hypersurface where the error between the estimated and the
actual value is zero. Besides, using the sign of the error to drive
the sliding mode observer could reduce its sensitivity to many
forms of noise [96], [97].

In voltage-sensorless DPC, the use of observers is a recent
development to improve the control stability when variations in
the source impedance and computational delay are expected.
The general structure is shown in Fig. 22. In [98], [99], a simple
LO is used to compensate for the control delay and to eliminate
the grid voltage sensors. A similar LO is employed in [100] to
predict the complex power term in the voltage reference
acquired from a complex-variable instantaneous power model.
In order to reduce the total harmonic distortion in the output
current, the proposed approach further implements a
fundamental frequency positive sequence detector based on the
sliding discrete Fourier transformation in conjunction with a
source voltage observer derived from a discrete state-space
model.

The SMO is employed to derive a voltage-sensorless DPC
in[101]. Based on the constant plus proportional rate search law,
the SMO is implemented to estimate the grid voltage in
unbalanced grids. The fundamental positive- and negative-
sequence components are inherently separated to facilitate the
design of an FCS-P-DPC without employing cascaded filters as
in [96]. The embedded filtering function of SMO also
attenuates the high-frequency chattering and DC offsets.
Although the proposed voltage-sensorless P-DPC presents fast
dynamic responses and a quick startup capability, parameter
mismatches of the source impedance would introduce
estimation errors. In [14], a similar SMO is employed to
improve the steady-state performance of the deadbeat P-DPC.
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The complex power contained in the equivalent voltage
reference is predicted to compensate for the estimation error
caused by mismatched parameters and the one-step delay. The
equivalent voltage reference is further calibrated by subtracting
the disturbance term estimated by a control function that
enforces the error to decay exponentially. Another SMO is
developed in [102]. The Sigmoid function with continuous
variable boundary thickness is adopted to estimate the source
voltage of a VF-based DPC by using the current error as the
observer input. The virtual flux is estimated based on the
integrator with Pl compensator in [70]. The proposed scheme
improves the estimation accuracy and dynamic response but
requires large efforts to tune the control parameters.

In [103], a discrete extended-state observer is implemented
to reduce the impact of varying grid impedance. The observer
bandwidth and cutoff frequency are tuned so that the
attenuation of system disturbance is guaranteed at any given
frequency. However, the stability analysis and the parameter
tuning of the observer result in heavy computation.

B. Impedance Estimation of P-DPCs

In P-DPC, the value of the source impedance plays an
important role in obtaining an accurate power estimation. For
example, in deadbeat P-DPCs, this parameter is directly used to
calculate the equivalent voltage reference. Any model
uncertainty or parameter mismatch would result in significant
performance deterioration.

To address this problem, an online estimation of source
impedance has been considered. In [47], a simple online
impedance estimator is added to the multi-vector predictive
DPC based on the VF concept. Under the assumption of a unity
power factor, the impedance is estimated using Ohm’s theory
by dividing the source voltage magnitude over the inductor
current module. Since the inductor current module is used as
the denominator, the estimation has to be bypassed in the zero
load condition. The method uses the second-order low-pass
filter to restrain the high-frequency oscillation in the voltage
module, resulting in a slow dynamic response. This
implementation further induces stability issues due to the
nonzero initial value. An improved technique is discussed in
[104]. The method utilizes the continuity of the estimated grid
voltage module and the estimated active/reactive power before
and after the commutation change. Since the calculation
depends on the switching state and the time derivative of the
converter current, the estimated inductance contains much
noise. In [67], the source impedance is estimated by solving an
equation obtained under the assumption of a constant grid
voltage magnitude in every two sampling cycles. Apparently,
this method is not applicable in nonideal grid conditions. [105]
proposes a general technique, in which the effect of the model
inaccuracy is first studied. The observation from experimental
results shows that the underestimated inductance worsens the
current distortion, the power error, and the power factor, while
the overestimated impedance deteriorates the current distortion
but has a negligible effect on the power factor and power errors.
An adaptive online identification technique is further proposed
to calculate the input inductor parameter in every sampling
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cycle based on the least-square principle. The rectifier current
is predicted using the previous rectifier current and voltage, and
it is compared with the present sampling value to establish a
least-square error function. The input inductance and resistance
of the rectifier are thus determined by minimizing the error
function. Another weakening factor least square algorithm is
implemented to enforce the online inductance estimation of a
deadbeat P-DPC [106]. Although the proposed method is
simple to implement, its performance relies on the design of the
factor value that affects the convergence rate and the error
fluctuation.

VIII. DIRECT POWER CONTROL IN NONIDEAL CONDITIONS

A. Power Analysis
1) The p-q theory
Since voltage imbalance commonly exists in power
systems, the DPC has been developed to improve system
reliability and power quality in unbalanced grids. The popular
sequence analysis is often applied to denote the voltage and
current as the sum of the positive- and negative-sequence
components given as
+ - +n4 jat —q—Jjat
e=e"+e =E e_J +E e_J . (25)
i=i"+i =1"e"+17e

where E* and E- are the amplitude of the positive- and
negative-sequence supply voltage, and 1* and |- are the
amplitude of the positive- and negative-sequence converter
current.

Due to the existence of negative-sequence components, the
power ripple with twice the grid fundamental-frequency would
appear. It is usually caused by four interactions between: i)
fundamental positive-sequence voltage and fundamental
negative-sequence current, ii) fundamental negative-sequence
voltage and fundamental positive-sequence current, iii)
fundamental positive-sequence voltage and third-harmonic
positive-sequence current, and iv) fundamental negative-
sequence voltage and fundamental negative-sequence third-
harmonic current [17]. Since the magnitude value of the fourth
component is much smaller than the other three, it is reasonable
to assume that the converter current contains I*, I, and I3*. In
some cases [42], [43], the third harmonic current is also ignored
to further simplify the power analysis.

The calculation of the oscillating power terms can be carried
out in either the - or d-q framework. Some publications
recommend the a-f frame to avoid the use of a PLL and its
associated problems [107].

Replacing (25) in (2), the instantaneous power of a three-
phase system is obtained as

{p=po+p1+pz (26)
=0, +q, +0,

where po and o are the DC components of active and reactive
power, and pi1, p2 and qi, . are the double fundamental-
frequency components of active and reactive power. In the a-
frame, these power terms are defined as
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in which

e; =E"cos(at+06; )
e, = E"sin(ot+06; )
e, =E cos(-ot+6;)

(
e, = E"sin(-at+6;)
(

i, =17 cos(-at+0))

iy =1"sin(-at+0))

The extension of (4) leads to the power definition in d-q
frame as

(28)
q=Q, +Q,, cos(2at) +Q,, sin(2mt)

where Pc, Ps; and Qc2, Qs2 are active and reactive power ripple
oscillating at twice the fundamental frequency. These power
terms are defined as

{ p =P, +P,cos(2at)+ P, sin(2at)

R, E, Eq+ E, E;
P, Es E = Eq+ Iy
P,| 3| E, -E; -E; E; |1 (29)
Q| 2| B -Ef E  -Ej|l;
Q.. E, -E Eq+ -E5 U1
Q. -E -E, E B
in which
E; =E"cos(6;)
E; =E"sin(6;) (30)
E, =E " cos(6; )
E, =—E sin(é;)
Iy =1"cos(6))
I;=1"sin(6;) (31)
;=1 cos(6;)
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2) The extended p-q theory

In 1997, Konastu and Kawabata introduced the “extended
p-g theory” to address the control issues of active filters (AFs)
in unsymmetrical voltage systems [108]. The new definition of
reactive power complies with the commonly agreed concept
that the instantaneous reactive power is the sum of the algebraic
product of the conjugate of phase current and the quadrature
phase voltage lagging the actual voltage by 90°. Suh and Lipo
improved this theory by using complex vectors in d-q frame.
The ripple component of instantaneous reactive power is more
clearly defined to have the same mathematic expressions as the
ripples of active power [109]. This makes it possible to nullify
the oscillating components of instantaneous active/reactive
power simultaneously, hence achieving a simple control
structure and good power quality.

In recent works on DPC, there is a growing use of the
extended p-q theory to eliminate the second-order power
oscillation of PWM rectifiers in unbalanced grids. Different
from the classic p-q theory, the extended p-q theory defines a
new variable T as the product of the quadrature voltage space
vector and the conjugate of the current space vector. The new
“extended reactive power” is then defined as the real part of the
complex power T as:

3 3 "
ext _ _ 1
q _ERe(T)_ERe(e-l ) (32)
The quadrature grid voltage e' can be expressed as
e'= E+ej(wt-90°) + E—efj(wt-90°) — _jE+ejmt + J'Efefj(ut (33)

Replacing (33) in (32), the extended reactive power is obtained
as:

9™ = Q" +Q% cos (2wt )+ Q3 sin(2et) (34)
where
ext E+ _E+ _Ef Ef
o S (35)
ch —E _Eq Ed Eq _Ed
Q3 B, E E E
Comparing (29) and (35), it is observed that P, = -Q¢; and
P, =Q¢g, which indicate the active power ripples have the

same magnitude as reactive power ripples. Therefore, the
nullification of active power ripples will lead to the elimination
of reactive power ripples, which cannot be achieved with the
classic instantaneous power theory.

In fact, the two reactive power definitions work the same in
balanced grids. An in-depth analysis of their relationship in
unbalanced grids is carried out in [110]. It is found that DPCs
derived from both definitions are equivalent. By adding extra
compensation terms to the power reference, the original
reactive power provides the same active power oscillation
cancellation as the extended reactive power. However, the
acquisition of the compensation terms is complicated due to the
use of sequence extraction.
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Fig. 26. Structure of a complex-coefficient filter based PLL.

B. Sequence Extraction and Synchronization

To obtain the phase or the frequency of the supply voltage,
many PLL techniques have been developed in past decades
[111]. The synchronous rotating frame PLL (SRF-PLL) is a
standard grid synchronization technique in three-phase
applications, as shown in Fig. 23. However, this conventional
method is deficient in unbalanced and/or distorted conditions
due to the appearance of negative-sequence and harmonic
components. To solve this, modified PLL techniques with
additional filters have been proposed to reject the interaction
between the fundamental-frequency positive-sequence (FFPS)
and the fundamental-frequency negative-sequence (FFNS)
and/or harmonic components [112], [113].
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Fig. 27. Structure of the PLL based on double second-order general integrators.

A double SRF-PLL (DSRF-PLL) was proposed to improve
the conventional SRF-PLL, as shown in Fig. 24. This
synchronization system utilises two SRFs rotating at the same
angular speed but in the opposite direction and a decoupling
network to separate FFPS and FFNS components. As a result,
the voltage imbalance has no steady-state negative impact on
PLL performance. Moreover, the application of several SRF-
PLLs in targeted harmonic frequencies creates the multiple-
SRF-based PLL (MSRF-PLL) that alleviates the oscillation of
estimated quality caused by harmonic contamination. However,
this approach causes a considerable increase in the
computational burden [114].

The NF is a popular technique of selective cancellation of
unbalanced and/or harmonic components, as it has a high
attenuation within a narrow band of frequencies and passes all
other components with negligible attenuation. A simple
structure is shown Fig. 25. To achieve the sequence detection,
the notching frequency of NFs is set at the frequency of
unwanted ripples. Usually, three NFs tuned at second-, sixth-,
and twelfth-fundamental frequency are implemented in either
cascaded or parallel structure. The common problem of NFs is
the tradeoff between the filtering capability and the
computational burden [115].

Complex-coefficient filter (CCF) is another option for the
selective extraction of components. The typical structure of the
CCF-based PLL is shown in Fig. 26. It offers a unity gain and
zero phase shift at the selected frequency and imposing deep
attenuation at other frequencies. Due to its asymmetrical
frequency response around zero frequencies, CCF makes a
distinction between positive- and negative-sequence of the
same frequency. Therefore, CCF provides fast response for
real-time signal extraction without symmetrical component
methods or complicated rotating frame transformations.
Applying several CCFs for a specified sequence of frequencies
creates the multiple CCF (MCCF). Such a filtering system is
capable of extracting FFPS, FFNS, and other harmonic
components to address the unbalanced and/or distorted
conditions [116].

The double DSOGI is a sequence detection method applied
in the two-phase stationary frame. The DSOGI is employed to
filter the original two-phase signal and obtain the quadrature
counterpart using QSG. The two signals act as inputs to
estimate the positive- and negative-sequence components based
on the instantaneous symmetrical component (ISC) method.
The resonance frequency of two QSG-SOGIs is set as the grid
frequency to obtain the unity gain as well as 0-degree and 90-
degree phase shift, respectively. Fig. 27 shows the general
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structure of the sequence detection technique based on the
DSOGI [81], [117].

When the fundamental frequency is time-invariant, filters
can provide accurate sequence extraction. However, in practice,
the fundamental frequency may fluctuate in a certain range.
Although the extraction error may be neglected for a slight
frequency excursion, significant deterioration will occur under
a large frequency fluctuation. To tackle this issue, frequency
adaptive approaches are suggested. The common solution is to
implement a PLL or a frequency-locked loop (FLL) on either
phase of the two-phase positive-sequence signal to detect the
grid frequency and dynamically modify the resonant frequency
of filters [80, 118, 119].

C. Power Ripple Compensation

Adding compensation terms to the power reference is a
popular technique to attenuate the current distortion and the
power fluctuation in unbalanced grids. Fig. 28 shows the
general structure. In [15], [16], [61], [120], based on the power
analysis in the a-f stationary frame, the distorted terms is added
to the power reference to achieve three individual control
targets under unbalanced grid conditions (i.e., no negative-
sequence current, smooth active power, or smooth reactive
power). However, these control targets are contradictory to
each other, which means that achieving a certain target will
jeopardize the performance of other control targets. A similar
compensation technique in the d-g frame was implemented to
achieve symmetrical grid currents at the expense of increased
power oscillation in [121]. In [107], the flexible predictive DPC
of voltage source inverter (VSI) under unbalanced grid
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conditions is proposed. A proportional-integral-resonant (PIR)
controllers is used to regulate the double-frequency power
ripples. Based on the instantaneous power analysis in the a-f
frame, the generalized power reference compensations are
calculated as the weighted sum of the given power reference
and the power ripple term. Three different control targets are
implemented to balance the current negative sequence, the
active power ripples, and the reactive power ripples. However,
the technique is complex as it requires the positive- and
negative-sequence voltage/currents and the third-harmonic
current for the power term calculation. To eliminate the
sequence separation of voltages/currents and the complex
calculation of power compensating terms, a reduced-order
vector integrator (ROVI) is introduced to regulate the power
pulsations in [122]. The corresponding voltage reference is
added to the output of the PI controller regulating the average
active and reactive power. SVM is applied to create switching
pulses of the PWM converter. Despite its simplicity, the
proposed method is sensitive to model parameters due to the
use of the feedforward and the proportional terms in calculating
the voltage reference.
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TABLE Il
COMPARISON OF CLASSIC DIRECT POWER CONTROL STRATEGIES
Direct Power Control Strategies
Voltage-based Voltage Sensorless 3-vector
TB-DPC TB-DPC DPC-SVM SMC-based DPC FCS-P-DPC Deadbeat P-DPC
POWER RIPPLE High High Medium Medium Low Low
CURRENT THD High High Medium Medium Low Low
RESPONSE TIME Fast Fast Fast Medium Fast Medium
SENSITIVITY Low Medium Low Medium Low High
COMPLEXITY Low Low Low High High Medium
SWITCHING Variable Variable Constant; Constant; Variable Constant;
FREQUENCY Programmable Programmable Programmable
REFERENCES [24] [28] [7] [10] [53] [59]

Approaches using the extended p-q theory for the
unbalanced operation of power converters were proposed in
[30], [42], [43], [60], [123]. The general structure is shown in
Fig. 29. A comprehensive review of TB-DPC with the original
or the extended p-q theories is provided in [124]. Results show
that the DPC with the extended p-q theory is able to restrain the
current distortion and maintain a good power regulation. The
comparative study of DPC methods using the original or the
extended p-q theory [110] further indicates that the
compensation terms of oscillating powers calculated using the
original p-q theory are intrinsically contained in the
instantaneous power obtained using the extended p-q theory,
which makes the DPC developed in both theories equivalent.
Nevertheless, the use of the extended reactive power term
makes it straightforward to compensate the power oscillation
without calculating complex ripple terms.

IX. COMPARISON OF TYPICAL DIRECT POWER CONTROL
METHODS

Based on the above discussion, the family tree of various
DPC strategies is revealed in Fig. 30. Typical DPC methods are
identified as TB-DPC, DPC-SVM, P-DPC, SMC-based DPC,
and voltage-sensorless DPC. Strategies under the voltage-based
DPC category (highlighted by the dotted red block) are equally
appliable using VF concept. Additionally, voltage-sensorless
DPC is another important sub-category of the VF-based
strategy. Two critical operating issues are summarized as
parameter estimation and nonideal operation. Since a large
number of DPC methods have been proposed and verified, the
comparative study focuses on the performance of the
aforementioned typical methods in this section. Key findings
are summarized in TABLE III.

Classic DPC strategies show some difference in steady-state
performance in terms of power ripple and current total
harmonic distortion (THD). The power ripple and current THD
of TB-DPC approaches are comparably high, as the predefined
vectors may not be the optimized ones. Besides, the application
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of a single vector per control cycle results in large over-
regulation of active/reactive power. Due to the removal of the
source voltage sensor, the voltage-sensorless TB-DPC is more
noise-robust. However, the direct use of inductance for power
estimation makes the voltage-sensorless TB-DPC more
sensitive to parameter variation. DPC-SVM shows some
improvement in steady-state performance. The use of SVM
ensures a constant switching frequency. The higher switching
frequency can be programmed for better steady-state
performance at the expense of higher switching losses. DPC-
SVM s robust to parameter variation since the use of linear
controllers for reference calculation restrains the impact of
parameter inaccuracy. SMC-based DPC shows similar steady-
state performance as DPC-SVM. However, it is less robust to
parameter variation than DPC-SVM because the SMC rule
depends on the system parameters. The switching frequency of
SMC-based DPC is also programmable due to the use of SVM
for reference synthesis. The multi-vector FCS-P-DPC shows
the best steady-state performance, as the use of objective
function ensures the selection of optimal vectors and the
acquisition of optimized duty cycle in each control cycle.
However, its switching frequency is relatively higher than that
of TB-DPC strategies due to the increased number of
commutations in each control cycle. Deadbeat P-DPC
calculates the optimal converter voltage vector to ensure the
absolute zero power error, which guarantees a good reference
tracking performance. Moreover, the deployment of SVM leads
to constant switching frequency. However, due to the direct use
of system parameters in obtaining the reference, deadbeat P-
DPC is sensitive to parameter variation and sensor inaccuracy.

The dynamic performance of various DPC strategies shows
little difference. In general, higher control complexity results in
slower dynamics. Therefore, the response time of multiple-
vector FCS-P-DPC, deadbeat P-DPC, and SMC-based DPC is
slightly slower than the other three simple options. This
difference is largely negligible if high-speed control units are
employed.

0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 09,2021 at 07:59:37 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2021.3070548, IEEE

Transactions on Power Electronics

X. APPLICATIONS OF DIRECT POWER CONTROL

In addition to three-phase PWM rectifiers, DPC is a
favorable control solution in many other power electronics
systems. This section discusses other applications of DPC
strategies in academia and industry.

A. Doubly-Fed Induction Generators

DPC has been widely applied in doubly-fed induction
generator (DFIG), due to its simplicity and fast response.
Existing literature covers aspects of modelling [125], stability
analysis [126], and control development [127]-[155]. Although
the models of DFIG and three-phase PWM rectifiers are
different, their DPC implementation are quite similar. Hence,
the classification in Fig. 30 can be utilized to facilitate the
discussion in this section.

TB-DPC methods are first proposed as an alternative to
direct torque control (DTC) [127-130]. Since the performance
of DPC relies on the stator flux position rather than the rotor
flux position, it is easier to implement and more robust to
machine parameter variations than DTC.

DPC-SVM is investigated to obtain constant switching
frequency and eliminate the predefined switching table. [131]
introduces the typical implementation similar to the one in [8]
and addresses the unbalanced operation using two proportional-
resonant (PR) controllers. In [16], an improved DPC-SVM is
implemented in the synchronous reference frame to remove the
PLL and associated instability issues. [132] extends the GVM-
DPC proposed in [38] for DFIG applications. The method uses
Pl regulators to compensate the power error, hence reducing the
reliance on the machine model in obtaining rotor voltage
reference. In [133], the standard SMC is implemented with
DPC to calculate the equivalent rotor voltage reference
synthesized by SVM without any synchronous coordinate
transformation.

Many P-DPC strategies have been introduced to improve the
control performance of DFIG. Based on the principle discussed
in Section V/A, FCS-P-DPC takes advantage of finite switching
states of converters. Optimal vector(s) is selected based on the
rule of power error minimization. Single-vector’s approaches
are introduced in [134], [135]. The low-complexity variant is
presented in [136]. Several three-vectors’ approaches are
introduced to improve power tracking performance [137-141].
The low-complexity variant is presented in [142]. [143]
proposes a four-vector’s approach consisting of two zero and
two adjacent active vectors to obtain the constant switching
frequency and low current distortion at the cost of increased
switching losses. Based on the principle in Section V/B, several
deadbeat P-DPC strategies are proposed to obtain the closed-
form rotor voltage reference synthesized by SVM. The method
proposed in [144] is a typical solution that directly calculates
the required rotor voltage to eliminate the power errors at the
end of the following sampling period. Improved methods are
proposed to deal with parameter variations [125], [145].

DPC with other nonlinear control techniques is also
investigated. A super-twisting (ST) SMC-based DPC is
proposed to obtain good transient and steady-state performance

20

[146]. A BS-DPC is presented in [147] under normal and
harmonic grid voltage. Another resonant-based BS-DPC is
developed for unbalance operation in [148].

Similar to three-phase PWM rectifiers, the unbalanced
operation of DFIG is a critical issue, as the current unbalance
causes torque pulsations and overheating of machine windings.
The first category of solutions promotes the direct power ripple
compensation based on either ripple calculation or resonant
compensators. For ripple-calculation-based  approaches,
sequence detectors are implemented in two-phase rotating or
synchronous framework to isolate positive- and negative-
sequence components so that selective compensation targets
can be established. Typical methods based on this principle
include the so-called DPC+ using a switching table [149], the
FCS-P-DPC using single or multiple vectors [135, 136, 143],
the SMC-based DPC [150], and VM-DPC-based approaches
[151]. The other option employs resonant controllers to obtain
the targeted compensation term. In general, original controllers
for balanced operation are extended by adding resonant
compensators for unbalanced operation. As compared with
ripple-calculation-based counterparts, resonant-based solutions
are simpler in structure and easier to implement due to the
omission of sequence detection. Typical methods include
resonant controllers tuned at known pulsating frequencies [131],
the single-side resonant controller tuned at the twice
fundamental frequency [152], second-order resonant controller
tuned at twice positive- and negative-sequence frequencies
[148], and an NF-based approach for suppressing dc-link
voltage ripples [153]. The second category advocates the
extended p-q theory for intrinsic ripple compensation without
additional power ripple calculation or resonant controllers. In
[154], the extended reactive power is adopted to achieve
constant stator active power, constant extended reactive power,
and sinusoidal stator currents. The extended active power is
defined and utilized to establish an SMC-based DPC for
sinusoidal stator currents and torque ripple cancellation in [155].

B. Multilevel Converters

Recently, some studies look into the application of DPC in
multilevel converters. Since the possible vectors generated by a
multilevel converter increases over-proportionally to the
number of levels, the challenge of DPC implementation is the
effective vector evaluation and selection. A general approach
applicable to any multilevel converter topology of any number
of levels is proposed in [156]. This method simplifies the vector
selection by considering the closest subset of two-level voltage
vectors to the present switching state and addresses the
sensitivity issue by using a derivative estimator and a VF
observer. Applications to specific multilevel converters with
the given number of levels are also proposed, such as three-
level neutral point clamped converter (NPC) [157-159], three-
level T-type inverter [160], and five-level active NPC [161].

C. Active Power Filters (APFs)

Specific applications of DPC for shunt APFs are presented.
[23] improves the classic VF-based TB-DPC by using two low-
pass filters and subtraction logics to obtain power ripples.
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Based on the classic DPC-SVM, additional high-pass filters are
used to obtain reference terms for power ripple compensation
in [37]. A recent work presents an ST-SMC-based DPC with
SVM [162]. Another deadbeat P-DPC is implemented to
operate an APF integrated with a quazi-Z-source inverter for
active power decoupling in [163].

D. Single-Phase Converters

Although DPC has been extensively investigated in three-
phase system, only a few applications have been investigated
for single-phase converters. A deadbeat P-DPC with online
inductance estimation is proposed for a single-phase PWM
rectifier in [164]. An FCS-P-DPC is developed for a traction
line-side converter in high-speed railway system in [165].

XI1. CONCLUSION

This paper conducts a comprehensive survey on the state-
of-the-art DPC strategies applied for three-phase two-level
PWM converters. This category of control strategies is gaining
increasing attention in both industry and academia. Among
different variants, the P-DPC is the most promising option
benefiting from the latest advances in MPC techniques.
Sophisticated solutions considering the observation of the
source voltage/flux for the voltage-sensorless control and the
estimation of circuit parameters for the robust control will
continue to expand the frontier of DPCs for better performance.
In addition, adapting the DPC in non-ideal source conditions
remains to be a concerning matter in exerting the full potential
of DPCs. It is important to highlight that DPC can be applied
for not only three-phase two-level PWM converters but also
other power-electronics-driven systems such as doubly-fed
induction generators, multilevel converters, APFs, and single-

phase converters.
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