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This paper presents a comprehensive and systematic approach in developing
a new switching look-up table for direct power control (DPC) strategy
applied to the three-phase grid connected three-level neutral-point clamped
(3L-NPC) pulse width modulated (PWM) rectifier. The term of PWM
rectifier used in this paper is also known as AC-DC converter. The approach
provides detailed information regarding the effects of each multilevel
converter space vector to the distribution of input active and reactive power
in the converter system. Thus, the most optimal converter space vectors are
able to be selected by the switching look-up table, allowing smooth control
of the active and reactive powers for each sector. In addition, the proposed
DPC utilizes an NPC capacitor balanced strategy to enhance the performance
of front-end AC-DC converter during load and supply voltage disturbances.
The steady state as well as the dynamic performances of the proposed DPC
are presented and analyzed by using MATLAB/Simulink software. The
results show that the AC-DC converter utilizing the new look-up table is able
to produce almost sinusoidal line currents with lower current total harmonic

distortion, unity power factor operation, adjustable DC-link output voltage
and good dynamic response during load disturbance.

This is an open access article under the CC BY-SA license.

@00

Corresponding Author:

Azziddin Mohamad Razali

Faculty of Electrical Engineering

Universiti Teknikal Malaysia Melaka (UTeM)
76100 Durian Tunggal, Malacca, Malaysia
Email: azziddin@utem.edu.my

1. INTRODUCTION

Research of multilevel pulse width modulation (PWM) converters are attracting much more
attentions recently, due to its ability to be implemented in high power medium voltage applications. The use
of multilevel converter allows the power conversion to be performed in smaller voltage steps in such a way
the voltage stress in each semiconductor switch is reduced [1], [2]. With proper control strategy, a multilevel
topology can be operated as the front-end rectifier which is able to be operated with lower switching losses
and higher voltage capability. In addition, multilevel rectifier allows a reduction of the line current
harmonics, reduced ac filter size and provide almost unity power factor operation [3]. The three-level neutral
point clamped (3L-NPC) rectifier has a significant role in high power application due to the minimal devices
it requires compared with other multilevel topologies [4]. However, there are a few inherent challenges exist
in this topology such as the voltage drifts and voltage ripples of the neutral-point which limit its practical
applications. In addition, the redundant switching states offered by 3L-NPC will create an issue to select the
most effective voltage vectors which will improve the converter control system performance [5], [6].
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Although the NPC topology offers numerous advantages, it reveals technical difficulties that
complicate its real implementation [7], [8]. With 27 possible choices for voltage selection in 3L-NPC
compared with only 8 in conventional 2L converter, the switching table in 3L-NPC becomes more complex
compared with 2L topologies. However, NPC offers much more option of the voltage vector selection to
satisfy the commutation condition. Another challenge in NPC is unbalance voltage in the neutral-point of
DC-link capacitor [9]. This unbalance voltage may generate excessively large voltage in the respective
switching devices which will deteriorate the overall converter system performance. In order to overcome the
complexity of designing an effective switching look-up table, this paper presents a comprehensive and
systematic approach in developing a new switching table for grid connected three-phase 3L-NPC AC-DC
converter (rectifier). This is obtained by differentiating the active and reactive power equations. In this way,
the switching table is able to choose the best converter voltage vector in order to ensure smooth control of
instantaneous active and reactive powers during each of twelve sectors. In addition, a method to minimise the
neutral-point voltage deviation is also discussed in this work.

2. DIRECT POWER CONTROL OF 3L-NPC PWM RECTIFIER

There are several variations of the direct power control (DPC) technique have been reported such as
virtual flux DPC (VF-DPC) [10]-[14], predictive control DPC (P-DPC) [15], [16] and space vector
modulation DPC (SVM-DPC) [19]-[21], implemented in a conventional 2L three-phase PWM AC-DC
converter. However, the multilevel AC-DC converters appear to be a very good solution for medium and
high power applications such as in wind energy, static compensator (STATCOM), back-to-back ac drives and
high voltage direct current (HVDC) applications where adjustable DC-link output voltage, almost sinusoidal
input line currents with low THD and adjustable power factor operation are required [22]. The use of such
multilevel topology allows power level to be increased by adding more voltage levels in such a way the
voltage stress in each semiconductor device is reduced 3L-NPC AC-DC converter has several advantages
over the traditional 2L converter such as the former produces better quality output voltage and current
waveforms with minimal voltage stress at each power switches [23]. The converters utilizing those DPC
methods are able to produce almost sinusoidal line currents and unity power factor operation. The three-
phase supply voltage and current are measured to estimate the instantaneous active Pinst and reactive powers
Qinst. Meanwhile, the reference active power P is produced by multiplying the DC-link output voltage Vpc
with the output from the PI controller while the reference reactive power Qs is set to zero in order to
demonstrate a unity power factor operation. Subsequently, the command active power Py and reactive power
Qrer value are subtracted with calculated active and reactive power to produce the instantaneous active power
error and reactive power error denoted by AP and 4Q respectively. The error signals are processed by two
hysteresis controllers to produce the power error status signals shown by dP and dQ in Figure 1.
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Figure 1. Block diagram of the DPC strategy for 3L-NPC rectifier
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Figure 2 shows the topology of a grid-connected 3L-NPC rectifier with an L-type filter. The
converter consists of twelve switching cells and six clamp diodes. Any given output phases of the converter
can be connected to the negative (Sa1=0, Sa=0), neutral (Sa1=0, Ssx»=1), or positive (Sa1=1, Sa2=1) points of
the DC-link, which results in a different current path between the DC side and ac side. The redundant
switching states produced by the 3L-NPC rectifier create substantial issues in developing an effective
switching table that can improve the DPC system performance [24].

Therefore, one of the NPC rectifier’s main tasks is to balance the upper and lower capacitor
voltages. The imbalance of upper and lower capacitor voltages (vc1 and vez) may occur due to the application
of short amplitude of voltage vectors. Each of the short amplitude of the voltage vector (inner hexagon)
consists of double switching states as shown in Figure 3. The switching states are divided into P-type and the
other is N-type. Both types of switching states have different effects on the capacitor voltage. The application
of the P-type switching state will decrease the lower capacitor, vc, while the N-type will increase the upper
capacitor voltage, vci. The problem of capacitor voltage imbalance is necessary to be addressed for
preventing a short circuit that produces system instability, high switching loss, and high dv/dt [25]. Hence, to
ensure satisfactory performance and reliability of the three-level PWM rectifier, voltages across the two DC-
link capacitors must be kept balanced.

Therefore, the attempts to optimize the selection of switching state for the short amplitude of voltage
vector are depending upon the type of P-type and N-type to ensure the balancing between both capacitors.
This balancing strategy is simple as it detects the increasing or decreasing of v¢; and v by using a two-level
hysteresis controller as the input is the error of two capacitor voltages. By using the information of increasing
or decreasing of v¢; and Ve, the hysteresis controller produces two outputs which are known as balancing
status.
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Figure 2. Topology of the 3L-NPC rectifier
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Figure 3. Space voltage vector of the 3L-NPC rectifier
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3. DEVELOPMENT OF SWITCHING LOOK-UP TABLE FOR 3L-NPC DPC

The DPC is based on the direct torque control (DTC) concept in electrical machines. The intention
for DPC is to control the instantaneous of active and reactive power control loops [10] as the same direction
for DTC in controlling the torque and flux of induction machines. The proposed new switching look-up table
is developed based on the differentiation of instantaneous active and reactive powers method. The
instantaneous input active and reactive power of the front-end three-phase ac to DC converter in a stationary
of-reference frame is given by (1) and (2).

Pipst = S(Ea[a + Eﬁlﬁ) @)
Qinst = %(Eﬁla - Ealﬁ) @)

Assuming that the system shown in Figure 1 is a balanced three-phase power system, the following
converter per-phase equations related to the neutral-point of the grid can be derived.

Veonv,an = SWar-Vac1 + SWaz. Vo (3)
Vconv,bn = $Wp1. Viger + SWpa Vaeo (4)
Vconv,cn = sWe1.Viger + SWep. Vo (5)
where:
2541—(Sp1+S, 2Sq2—(Spo+S,
SWal — al (3b1 cl) SWaZ — a2 (3172 CZ) (6)
2Sp1—(Sq1+Se1) 2Sps—(Saz+Sez)
SWbl — b1 30.1 cl and SWbZ — b2 3aZ c2 (7)
_ 2Sc1—(Sa1+Sp1) _ 25c2—(Saz2+Sp2)
SWe1 = SWep = (8)

3 3

The active and reactive power differentiations are calculated as (9) and (10).
e = 3B () + 1 () + B (5F) + 16 (F7) ©
ar =318 (5 + 1 (T2) — £ (30— 1 (52)] (10)

The equation for the grid voltage in the af-stationary frame can be expressed in (11) by assuming the system
in balance conditions

E, = Es cos(wt)and Eg = E sin(wt) (11)

Based on the voltage equations of the grid-connected AC-DC converter as shown in, the instantaneous
current variations can be expressed as (12) and (13).

dlg 1

cft =1 (Eg,a — Veonva — Ig,aR) (12)
dl 1

dgt'ﬁ =1 (Eg.ﬁ ~Veonvp —Igp R) (13)

The final derivatives equations for the active and reactive power in (14) and (15) can be obtained by
neglecting the small value of the line resistance.

Z_I; = %[wEa]ﬁ — wkgly +%(E025 - EaVconv.tx) +%(El§ - EﬁVCO”V'B)] (14
2 = 2| wEuly + wEply + 7 (EEp = EgVeonvia) = 1 (EaBp + EaVeons)] (49
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As can be seen in the in (9) and (10) respectively, the power derivatives are determined by the grid
voltage, line current, and converter poles voltage in the af-stationary frame. Then, the differentiation of
active and reactive power as shown in (14) and (15) are plotted by implementing the required parameter for
the AC-DC converter as shown in Table 1.

Table 1. Electrical Parameters of Power Circuit

Parameters Value
Input phase voltage (peak), E, 70.71V
Source Voltage frequency, f 50 Hz
DC-link volatage reference, Vpc ret 150 V
Resistance of reactance, R 02Q
Inductance of reactance, L 11 mH
DC-link capacitor, C 10.8 mF
Load Resistance, R, 140 Q
Sampling time, t; 20 ps

The illustration of the plotted waveform is shown in Figure 4 for the active power, and Figure 5 for
the reactive power are adopt to subject the response of an instantaneous of active and reactive power towards
the particular converter voltage vector, V,. Therefore, to generate the most compatible lookup table, the
response of the sign and magnitude acquiring in each sector has been implemented due to the change of
active and reactive power. For example, for the angle in the range 0° to 30°, the application of short voltage
vectors (Vs 3 Vs 4 Vs 5 Vs 6), medium voltage vectors (Vm 3 Vm 4 Vw s5), long voltage vectors (Vi 3 Vi 4 Vi s),
and zero voltage vectors (Vo V7) capable to produced for positive time-derivative for the active power. Thus,
the active power tends to increase while those vectors are applied. However, through the implementation of
voltage vector (Vs_1) from short, medium (Vm_s Vm_ 1), and long (Vi 1 Vi_2) generate a negative-time derivative
that intends to decrease the active power. That information is being applied to the remaining 11 sectors. This
operating is carry on for the reactive power characteristics when the implementation from short (Vs2 Vs 3
Vs 4), medium (Vm_1 Vm_3), long (VL2 Vi s Vi 4), and zero (Vo V7) voltage vectors decide on to deliver a
positive time-derivative of reactive power. Then by applying the voltage vectors from short (Vs Vs),
medium (Vm s Vme), and long (Vi s Vi e) bring to a negative time-derivative which reduce the reactive
power. The same operating has been applied for the remaining 11 sectors in reactive power derivatives.
Table 2 presents the new switching table for the three-level NPC AC-DC converter which is developed by
analyzing the effect of each four group voltage vector on the changes in active and reactive powers.
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Figure 4. Active power different characteristics under different voltage vector V,
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Figure 5. Reactive power differentiation characteristics under different voltage vector V,
Table 2. New switching table for the 3L-NPC rectifier

Power error status Sector position (6,) and converter voltage vector (V,)
dp do Bs 91 92 63 94 95 ee 67 98 99 e10 e11 e12

0 0 Vii Vmi: Vo Vmz Vs Vus Vie Ve Vs Vus Ve Vus
0 1 - Vm:r Viz Vw2 Vs Vus  Visa Vus Vs Vus Vs Vus Vii
1 0 Vss Vss Vss Vss Vsi Vsi Vs, Vsa Vssz Vssz Vsg Vsy

1 OOP OOP POP POP POO POO PPO PPO OPO OPO OPP OPP
0 NNO NNO ONO ONO ONN ONN OON OON NON NON NNO NNO
1 1 Vs_4 Vs_4 Vs_s Vs_s Vs_s Vs_e Vs_1 Vs_1 Vs_z Vs_z Vs_s Vss
1 OPP OPP OOP OOP POP POP POO POO PPO PPO OPO OPO
0 NNO NNO NNO NNO ONO ONO ONN ONN OON OON NON NON
* Bs = Balancing status

4,  SIMULATION RESULTS

The MATLAB/Simulink software is used to test the effectiveness and performance of the proposed
new switching look-up table for 3L-NPC DPC. Table 2 shows the parameters used in 3L-NPC rectifier. In
the MATLAB/Simulink model, the appropriate value of inductances and capacitances is set in the range of
11 to 15 mH. In DPC, high gain of controller necessitates the use of inductors with high value [13]. Then, in
sample time of the system plays a crucial role in implementation since too large sample times reduce the
performance of the system whereas too small sample times increase the burden on the controller. Therefore,
when duty cycle control-based techniques are used [16], the sampling frequency can be further reduced to 20
kHz. Figures 6(a) and (b) show that the new switching table can produce a balanced three-phase voltage and
line current waveforms, respectively during steady-state conditions. Figure 6(c) represents the unity power
factor operation where the phase a voltage and current are in phase. Meanwhile, the estimated instantaneous
active power Pinst and reactive powers Qinst are shown in Figure 6(d). It is clear to see that the reactive power
Q is kept at 0 var to achieve unity power factor operation. The DC output voltage Vpc follows the DC
reference which is set to 150 V as shown in Figure 6(e). In addition, the THD of the input current is 1.21%
which complies with the specification of IEEE-519 where the current THD should be less than 6% as shown
in Figure 6(f). As stated in [5] in FFT analysis, the number of THD has been established by 2.48%. By
applying the new method in switching strategy for 3L-NPC DPC the number of THD produced is improved
to 1.21%.

The control method is also evaluated under the transient response during load variation. In this case,
a 100 Q resistor is connected in parallel with the existing resistor across the DC-link at 3s to create a sudden
disturbance to the load current. A breaker is used in the simulation for connecting the additional resistor to
the existing resistor. Figures 7(a)-(c) show the results for a transient response during a load variation. It is
apparent to see that the DC output voltage is experiencing a sudden drop with a small dip but it recovers to
the original value 150 V forced by the voltage Pl regulator. Then, in Figure 7(c) the estimated active power
(P) follows the change in load as it increases suddenly at 3s due to the load disturbance. Meanwhile, the
overshoot and oscillation are not obvious for reactive power (Q). Lastly, at the time of 3s the line current
waveform from phase ‘a’ started to increases once the disturbance occurs at the time of 3s regarding the
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relationship of current and resistance in ohm’s law. Next, Figure 7(d) shows the transient response when the
DC voltage reference command changes from 150 V to 180 V at 5s and back to 150 V at 8s. With the
calculated quantities of the DC-link voltage Pl regulator, the DC output voltage Vpc follows the Vpcrer With
less overshoot as shown in Figure 7(e). The estimated active power also increases and decreases rapidly to
new values during the step changes of the output voltage while keeping the reactive power at O var. Lastly,
the line current I, is increased and decreased as shown in Figure 7(f) which accommodates the increasing and
decreasing of the converter DC output voltage.
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Figure 6. New switching look-up table for 3L-NPC DPC. (a) three-phase supply voltage; (b) three-phase
input current; (c) phase a voltage and current at unity power factor operation; (d) estimated input
instantaneous active and reactive power at unity power factor operation; (e) generated DC-link output
voltage; (f) harmonic spectrum of the input line current
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Figure 7. Effectiveness and performance of the proposed new switching look-up table for 3L-NPC DPC.
(a)-(c) Transient response for load variation from low to high power demand, and (d)-(f) Transient response
for DC output voltage changes; (a) and (d) DC-link output voltage; (b) and (e) Estimated active and reactive

power; (c) and (f) Phase ‘a’ current

5. CONCLUSION

In this paper, a new DPC switching strategy in three-level neutral point clamped (3L-NPC) is
introduced. The synthesizing of a new NPC-DPC switching table allows the selection of the best converter
voltage vector among all the possible voltage vectors to fulfill the requirement of the converter system
instantaneous active and reactive power. The MATLAB/Simulink is used to analyze the effectiveness and
performance of the new switching table of DPC.
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