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Abstract— The objective of this study is to investigate the
various switching tables for performance enhancement of three-
phase Pulse Width Modulated (PWM) rectifiers controlled by
Direct Power Control (DPC). This study includes different
lookup tables such as fast, slow regenerative fast and
regenerative slow along with Noguchi’s conventional lookup
table. DPC has portrayed the benefits of simplicity, faster
response, elimination of current controllers, and better sensitivity
to variations in system parameters and load changes. The lookup
table is the heart of this control technique. Hence, it is extremely
vital to do in-depth investigation and analysis of switching tables
to ensure optimal performance of DPC. With a view of this many
pieces of research have been carried out but nowhere power
quality of various lookup tables were analyzed at a single place,
and optimal table concern with the power quality is justified. In
our work, we have considered various lookup tables collectively
from literature and their power quality analysis has been done
for performance study of three phase PWM rectifiers controlled
by DPC using MATLAB Simulink.

Keywords— Direct power control; pulse width modulation;
switching table; total harmonic distortion; direct torque control

L INTRODUCTION

The utilization area of three-phase PWM rectifiers are
expanding rapidly, thereby has not restricted to industries
rather helping in various applications also [1-3]. These fields
are renewable energy systems, active power filters, motor
drives requiring regeneration operation, voltage source
converter transmission, smart grid, micro-grid, power condition
and transmission equipment [1, 4]. PWM rectifiers have
numerous advantages over passive diode rectifiers such as
bidirectional power flow, lesser Total Harmonic Distortion
(THD) in the line current, nearly unity power factor and better
regulation of dc link voltage with downsized capacitor [5, 6].
Nowadays, with the rapid utilization of PWM rectifier, its
control becomes very crucial. In this respect, various control
techniques have been proposed for better control and to
enhance the performance of PWM rectifiers. Hence, they can
be categorized into different groups based on the application of
current loop controllers or power controllers and their
principles [1, 6]. Voltage Oriented Control (VOC), a classical
control method of PWM rectifier which takes into account the
orientation of current vector with reference to the line voltage
vector [6]. Erstwhile, the current control loops ensure the
dynamic and static performance of VOC and decoupled control
are achieved through current controllers [6, 7]. Hence, its
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performance highly depends on the inner current control and
fine tuning of PI controller. To control the PWM rectifiers,
DPC is a useful alternative [8]. During, 1998, Toshihiko
Noguchi et. al. introduced DPC for grid connected three-phase
PWM rectifier [9]. Their advantages include simplicity, faster
response, elimination of current controllers, and Dbetter
sensitivity to variations in system parameters [9-11]. The
performance of DPC is better under transient conditions
because of the absence of inherent current controllers and
PWM modulator. It is based on the instantaneous power theory
[12, 13], and analogous to Direct Torque Control (DTC) of AC
drives. In DPC, active and reactive powers are controlled
directly by using a bang-bang controller. The switching states
of the PWM rectifier are decided on the basis of this predefined
lookup table [14, 15]. The errors between the reference active
& reactive powers to its feedback value followed by hysteresis
controllers and voltage vector position are the inputs to the
switching table [16-18]. Therefore, we posit lookup table as the
heart of this control technique. Our study considers, power
quality analysis of various lookup tables of DPC, optimality of
the lookup table for enhanced power quality performance and
this is justified using MATLAB Simulink results. Lookup
tables have divided into two groups based on the divisions of
the voltage vector space. There are six sector based lookup
tables & twelve sector based lookup tables, out of which only
twelve sector based tables are considered in our analysis for
direct power control of PWM rectifiers. This is because twelve
sector based tables have better resolution as compared to six
sector based tables and hence the better performance. DPC
algorithm with conventional switching table (Noguchi’s table)
has a significant impact on the research community [15-20].
Therefore, it is considered as a benchmark for new DPC
algorithms. We also consider the conventional lookup table to
support the performance comparison. The performance of each
switching table is compared with conventional twelve division
based DPC. Fast, slow, regenerative slow and regenerative fast
lookup tables [19, 20] with twelve sectors based DPC are
analyzed, and their performance is compared with power
quality point of view. [21]. This provides the clear insights of
the lookup table performance for DPC of three phase PWM
rectifiers concern with the power quality in a better way. In
section II, the mathematical background for direct power
control of PWM rectifier is demonstrated. In section III,
simulation results are presented and discussed in details
concerning the objective of this work. Finally, in section IV,
some important remarks are presented briefly.



II.  PRINCIPLE OF DIRECT POWER CONTROL OF PWM
RECTIFIER

A. Mathematical modeling of voltage source rectifier

The schematic diagram of PWM rectifier is shown in Fig.1
where, three phase source voltages e,,e, and e,, line
inductances L and line resistors R are connected with the
V,sVys V
input currents and input voltages of the voltage source rectifier

voltage source rectifier. i , i, ,i. and are the

c c

respectively. @ is the three phase source frequency and R, is

the load resistance. The mathematical equation for the PWM
rectifier in matrix form can be represented by equation (1) as

given below,
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Fig. 1. Schematic diagram of three-phase PWM rectifier
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The equation (1) can be transformed into stationary reference
frame by following expression (2) as described below,

Jop = (4] fope ()
Multiply equation (1) [A] by,
[A] [eabc] =R [A] [iabc ] +L [A] p [iabc ] + [A] [vabc ] (3)
Equation (3) is simplified by substituting equation (2) as

[eaﬂ] = R[iaﬂ]+Lp[iaﬂ]+[vaﬂ] “4)

The instantaneous active and reactive power in stationary
reference frame can be written as equation (5) and (6),

P=e,i, +ezi, %)

q= eﬂia _eaiﬁ (6)
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Equation (5) and (6) can be written in matrix form as given
below,

[Pq]=[5]i,] (7)

eﬂ —-€,

e e
where, [Pq]" =[P ¢] and [B]:{ © 7 }
Further, the line voltage vector can be simplified as below,

e=e,+ jes =ecos(ax + @) +iesin(wt+ Q)

de L @®
— =—we, + jwe
dt p “

From equation (4)-(7),
less]=[vis] = [R+ Lp)iy, =[R+ Lp][B] " [P4]

= R[B]"[Pql+L[[ pB™ |[P4)+ B [p[Pql]] ©)

Again, by simplifying the equation (9) considering equation
(7), we will get

dpP

K—-ve —eyw P q
I dt _ aCa BYB _R Lo
dq Ve te,v, q -P

dt

(10)

where, K = ¢’ + e;

Equation (10) describes the rate of change of instantaneous
active and reactive powers for three phase voltage source
rectifier. From the equation (10), it is also clear that the rate of
power variations are dependent on source voltages, current,
power value, and system parameters

B. Direct power control of voltage source rectifier

The schematic diagram for the control of voltage source
rectifier is shown in Fig.2.
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Fig. 2. Schematic diagram of DPC of voltage source rectifier.



In this control scheme the dc link voltage is controlled
through PI controller, it takes the error in dc link voltage from
its reference to generate the reference current. Further,
generated reference current is multiplied by the dc link voltage

to generate reference active power ( P ). The reference reactive

power (g ) is kept to zero, to ensure unity power factor

operation. The instantaneous active and reactive powers are
calculated by the sensed three phase voltages and currents.
These calculated powers are compared with their respective
power references and given to the hysteresis controller
followed by switching table to generate the control signals for
voltage source rectifier.

III.  SIMULATION RESULTS AND DISCUSSIONS

All the investigated switching tables are taken from [9, 14,
16, 19] and parameters considered for simulation is given in
Tablel of Appendix-A. The performance of switching table
highly depends on the sampling frequency. Therefore, the
complete analysis is carried out with different sampling
frequency along with various switching tables such as
Noguchi’s table, fast table, and slow table, regenerative slow
table and regenerative fast table. Since all the simulation results
are of similar type, so only a few results are presented, and
their performance has been compared on bar charts for various
power quality parameters.
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Fig. 3. All the above results are analyzed at TY =33.33us and T5 = 65 s respectively for Noguchi’s table
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Fig. 4. All the above results are analyzed at 7, = 33.3344s and T, = 65 /Ls respectively for slow switching table

Figd. Show the similar analysis as Fig3. But the
switching table is replaced by slow switching table. All other
table results are skipped here because their power quality
performance is poor as compared to this two lookup (Slow and
Noguchi’s) tables. But power quality performance bar
characteristic is presented for each table with different
sampling frequencies. Fig5 and Fig.6 shows the active and
reactive power ripple for various switching tables at different
sampling frequency. Fig7 and Fig.8 represents the dc bus
voltage ripple and total harmonic distortion respectively. At
last Fig.9 is shown, which depicts the average switching
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frequency for various tables at different sampling frequencies.
From the simulation results it is found that the Noguchi’s table
has least active power ripple (3.7853W) and dc bus voltage
ripple (0.0256V) as compared to all other switching tables at
T, =10us and at all other sampling periods. But slow

switching table has least THD (1.47%) and reactive power
ripple (5.8146 Var) as compared to all other tables at

T, =10us and at all other sampling periods. This can also be

observed from bar charts. Hence it is advisable to use
Noguchi’s table or slow switching table to obtain better power



quality performance for DPC of active front end rectifiers. We
observed that with the increase of sampling frequency the
power quality performance of the tables are improved but at
the same time its hardware implementation became costly.
Hence, it is very crucial to obtain the optimal sampling
frequency along with the improvement in power quality
performance. In this work, we found that at sampling

frequency of F, =30kHz the THD, ripples in active power,

reactive power and dc bus voltage is coming under
considerable limits for Noguchi’s lookup table and slow
lookup table. At 30 kHz, sampling frequency active power
ripple and reactive power ripple for best two tables i.e.
Noguchi’s table and slow table is observed as 12.7862W
&15.3317W and 21.8013Var and 18.2345Var respectively.
Again, total harmonic distortion and dc bus voltage ripple for
Noguchi’s table and slow table tables are obtained as 4.97% &
4.72% and 0.0892V & 0.1070V respectively. Since, THD at
this sampling frequency is coming below 5% which is
following the IEEE-519 standards, hence it can be considered
as optimal sampling frequency, considering the cost of
implementation and power quality both at a time.
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Fig. 5. Active power ripple for various lookup tables
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Fig. 6. Reactive power ripple for various lookup tables
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Fig. 7. DC bus voltage ripple for various lookup tables
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Fig. 8. THD for various lookup tables
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Fig. 9. Average switching frequency for various tables

IV. CONCLUSION

In this research work in-depth investigation is carried out for
various switching tables at different sampling frequencies.
From the analysis optimal table and optimal sampling
frequency is decided, by considering the ease of
implementation cost and power quality performance.
Nagouchi table and slow switching table have the superior
performance than other lookup tables. Also, in all the cases the
power factor is found nearly unity.
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APPENDIX-A
TABLE I. SYSTEM PARAMETERS

System Parameters Value

Equivalent series resistance R 0.56Q
Line inductance L 19.5mH
DC-bus capacitor C 1100pF

Load resistance R; 68.6Q2

Line to line voltage E 85V

Line frequency f 50Hz

DC-bus voltage Vde 180V
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