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A B S T R A C T

This paper presents a unified design and implementation of active power filters (APF) for medium-voltage high-
power applications. A fast and accurate harmonic extraction technique based on the time transformation al-
gorithm (TTA) is developed. A novel approach is used to derive the mathematical model describing the relation
between the output current and the control signal of the NPC inverter for active power filter. Accordingly, the
current controller and voltage controller are designed using the derived model. The neutral-point voltage is
maintained near zero using a feed-forward controller. The designed three-level APF is feasible to implement,
comparatively cheaper and reduces the filter size. From both the simulation and experimental results, it is found
that the developed system provides excellent performance in regulating voltage and reducing harmonics sig-
nificantly, from 26.3% to 4.0%.

1. Introduction

Industrial loads are predominantly composed of nonlinear loads in
the form of frequency changers, motor drives and power converters.
These are the main sources of harmonic pollution in grids, resulting in
poor efficiency, a degraded power factor and can damage a equipment
connected to the grid. The active power filter (APF) gives the most
promising solution to compensate for the adverse effects of harmonics
and reactive power simultaneously by using suitable control algorithms
[1–5]. Different configurations of APF are available on the market for
commercial use, and among them a shunt APF is widely used. The shunt
APF (SAPF) is connected in parallel with the source and the load, in-
jecting harmonics of opposite polarity to those present in the load
current at the point of common coupling (PCC).

In the low-voltage field, there are already lots of well-rounded APF
products below 690 V. However, in the high-voltage and high-power
fields, the traditional two-level APF cannot fulfil their requirements
because of the shortcomings of power switches as high-voltage semi-
conductor switches are still being remedied. A multilevel converter can
be used as an alternative high-voltage switching device for high-power
medium-voltage applications [6]. In addition, a multilevel converter
has the advantages of low loss, low electromagnetic interference and
low waveform distortion, and has become the new direction of devel-
opment for active power filters [7–10].

The use of an APF at medium and high voltages is limited due to
semiconductor's reverse-voltage rating constraint, high losses caused by
switching high voltage and high current and high dv/dt generating
electro-magnetic interference (EMI) as well as insulation degradation in
electronic and electrical systems. An APF can be used in high-voltage
applications, but comes with issues like losses, unreliability, complex
control structure, high cost and a surge over-voltage problem. Another
alternative is a cascaded connection of two PWM (pulse-width mod-
ulation) VSIs (voltage source inverters) with different power rating and
switching frequency. This reduces the switching stress and commuta-
tion loss but the overall cost and size of the equipment goes up.

Multilevel inverters with different topologies have been developed
for medium voltages and high-rated power applications to cover up the
deficiencies of the above alternatives [11]. Neutral point clamped [12],
flying capacitor [13], and cascade half-bridge [14] are the three most
common topologies in multilevel inverters. The authors in [15] pre-
sented a comprehensive comparison of these three topologies. In an
active power filter for commercial application, the cost, size and re-
liability of the system are of prime importance. The cost and size of
capacitors are greater than diodes and the failure rate is higher in ca-
pacitors than diodes. In real power conversion cascaded H-bridge (CHB)
requires an isolated dc source, but not in APF, however there are many
voltage variables that need to be controlled in the case of APF which
makes its control more complex. Therefore, NPC is selected owing to

https://doi.org/10.1016/j.epsr.2018.09.011
Received 27 February 2018; Received in revised form 26 July 2018; Accepted 10 September 2018

⁎ Corresponding author.
E-mail address: muhammad.kashif@students.mq.edu.au (M. Kashif).

Electric Power Systems Research 165 (2018) 144–156

0378-7796/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03787796
https://www.elsevier.com/locate/epsr
https://doi.org/10.1016/j.epsr.2018.09.011
https://doi.org/10.1016/j.epsr.2018.09.011
mailto:muhammad.kashif@students.mq.edu.au
https://doi.org/10.1016/j.epsr.2018.09.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2018.09.011&domain=pdf


the application requirements and the ease of design and implementa-
tion as proposed in [16].

Current harmonic extraction technique plays a crucial role, espe-
cially in feedforward harmonic detection control structure determining
speed and accuracy of APF [17,18]. Reference current extraction is
carried out in two domains, frequency (fast Fourier transform (FFT),
discrete Fourier transform (DFT)) and time (p-q, synchronous d-q, etc.).
Time-domain techniques are preferred over frequency-domain techni-
ques owing to their faster response and simplicity in real-time im-
plementation [19,20].

As the APF needs to generate non sinusoidal currents, the design
and implementation of the current controller is very demanding.
Various control techniques like proportional-integral (PI), hysteresis,
proportional-resonant (PR), and advanced and intelligent control have
been proposed and used [21–23]. PI is still preferred due to its simpler
implementation, and its performance conforms to the grid requirements
[24]. The topological structure (NPC inverter) brings an unbalance of
neutral-point voltage which is addressed using a feed-forward con-
troller [25].

There has been a considerable interest in the use of a three-level
inverter for APF but very few studies are available interlinking the
various stages of implementation. This paper aims to bridge that gap by
focusing on different stages of implementation. A unified complete
control structure, consisting of harmonic current detection method,
current control, DC-voltage control and neutral-point voltage control,
for the APF with a three-level NPC converter is developed and im-
plemented. A novel and simple approach for deriving mathematical
model of three level NPC inverter is proposed in the paper. Compared to
the previous approaches, the proposed modelling utilizes state space
averaging method. The derived model simplifies the controller para-
meter design procedure and are used to design optimal control para-
meters for inner current and outer voltage control loop. The accuracy
and performance of the derived model is verified through simulation
and experimental results. Parameters of the power circuit are de-
termined mathematically which ensures the optimum performance of
the designed APF. The designed system accurately detects the harmonic
and reduces to acceptable level. Finally, the simulation results are
verified by experimental results to validate the efficacy of the proposed
methods.

The paper is organized into four sections. Section 2 provides a brief
review of APF principles and power-circuit parameter design. The
control subsystem, consisting of a harmonic detection mechanism and
voltage and current controller design, is discussed in Sections 3 and 4.
The simulation and experimental results are presented in Sections 5 and
6. Section 7 presents a summary of this paper.

2. Power-circuit parameter design

There are three main power-circuit parameters to be calculated: (i)
reference value of DC-side voltage; (ii) output filter inductor; and (iii)

DC-side capacitance. The DC-link voltage should be at least greater than
the peak of the line-to-neutral voltage to realize the compensation
characteristics. The voltage rating of the switching devices is given by:

× − ≥ ≥V m V V V( 1) 2 ,device-rating ll device-rating ll (1)

where m = 3. The performance of an APF depends upon the selection of
capacitor's value; the DC-side voltage should be constant for good
compensation. Unlike in a two-level inverter, the voltage rating of the
capacitors is reduced in a three-level inverter and is half of the DC-side
reference voltage. During compensation the voltage of the capacitor
fluctuates, and the fluctuation is a function of the capacitance and the
reference DC-side voltage. Higher fluctuations will degrade the com-
pensation performance while lower fluctuations require a higher ca-
pacitance, which increases the size and cost. Hence it should be limited
to within a pre-specified value by selecting a suitable capacitance which
can be determined as [26]:

≥C E I
εωV

3
2

m m

dc
2 (2)

where Em is the grid peak voltage, Im is the output nominal current, ε is
the DC voltage fluctuation component which is taken 10%, ω is grid
angular frequency and Vdc is the dc side voltage. The output inductor
provides an interface of the APF with the electrical system as well as
filtering out the high-frequency switching ripples of the inverter output
AC current. In general, the larger the value of the inductor the betters
the suppression of switching ripple, but with poor current tracking and
larger size, cost will be higher. In comparison to a two-level inverter,
the output voltage of a 3-level inverter is more like a sine wave, hence
the filtering requirement is reduced. The inductor's value is determined
based on the maximum ripple allowed in the output current [27] and
given as:

≥ −L D D T
I

(Vdc/2)(1 | |)| |
2Δa

s

L max (3)

where ΔILmax is the maximum ripple current in one switching cycle, D is
the duty cycle and Ts is the switching time period. From the above
equation it is clear that La has maximum value when (1 − ∣ D ∣) = ∣ D∣.

3. Current reference estimation

The generalized structure of a three-phase shunt APF with a three-
level NPC inverter is shown in Fig. 1. The power stage consists of a
three-level NPC VSI behaving as a current source, connected in parallel
at the point of common coupling (PCC). The load current is sensed and
the harmonic content present in it is extracted, serving as a reference
compensation current for the inner current control loop. The current
control loop ensures that the APF generates a reference current to
achieve the desired compensation. A voltage control loop is essential to
maintain the DC-side capacitor voltage to a reference value against the
losses in the VSI.

Fig. 1. General control structure of APF with 3-level NPC inverter.
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The instantaneous reactive power theory (IRPT) (p-q theory) pro-
posed by Akagi promoted the use of APF. However, the transformation
between a, b, c coordinates and p-q coordinates makes the designing of
the controller more complex. Besides, current harmonic detection based
on algorithms using IRPT cannot be used for selected order harmonic
extraction. Current harmonic extraction based on a Fourier transform
either fast Fourier transform (FFT) or discrete Fourier transform (DFT),
gives good precision and can be used for selected order harmonics but it
introduces a time delay in the system which makes it impractical for
real-time application with dynamically varying loads. Various har-
monic detection methods are evaluated in different studies [19].
However, they are not suitable for some abnormal operating conditions.
Based on DFT and IRPT, a time-domain transformation algorithm (TTA)
is proposed for current harmonic detection [28]. This method utilizes
the advantages of both the frequency and time domain approach. Fig. 2
shows a block diagram of current harmonic detection based on TTA.
This method can detect positive/negative sequences of fundamental
current, active and reactive components of fundamental current and
selected order harmonics. Moreover, the delay introduced by this
method is half that of DFT and the same as IRPT but it does not require
any coordinate transformation. A synchronizing signal, in phase with
the grid voltage, is necessary for current harmonic extraction. The
synchronizing signal is obtained using software phase lock loop (SPLL)
based on a d-q transformation. SPLL is the realization of a PLL using
digital devices like digital signal processor (DSP) and field-program-
mable gate array (FPGA). The PLL based on a d-q transformation pro-
vides fast and accurate response and better performance in abnormal
grid conditions [29].

4. Modeling and control of three-level NPC inverter

Compared to a two-level inverter, the control of a three-level in-
verter is more complex owing to the large number of switching states
and the complexity of the circuit. An accurate mathematical model
describing the characteristics of the inverter is necessary because the
design of accurate controller parameters strictly depends on it. This in
turn ensures closed loop operation of the APF will generate the desired
and specified compensation performance. The establishment of switch
model though closest to the real system, is discontinuous which do not
facilitate the theoretical analysis and derivation of its mathematical
model. Several modelling approaches for multilevel inverter have been
reported in [30,31]. These approaches are either too complicated or
insufficient for aiding in controller design. Furthermore, a simplified
model that can capture the important dynamics of the system and a
simpler implementation of controller design seems to be lacking. The

state-space averaging method as compared to switch method is very
good solution to model a system when the difference between switching
frequency and control frequency is large. The average model of the
switching state is used to replace the switch. The state averaging
method is a very powerful tool for modelling the power converter.

4.1. State space model of three-level NPC inverter

In order to derive a simple mathematical model of the three-level
NPC inverter for APF, the following assumptions are made:

1. The switching loss is ignored and the line resistance is represented
by Rs. The output inductor is purely inductive (L1) and its saturation
effect is not considered.

2. The balanced grid voltage is considered.
3. The midpoint voltage drift is ignored because a separate feed-for-

ward control is used to balance neutral-point voltage fluctuations.

Fig. 3 shows the switching function of the diode-clamp three-level
inverter topology in which each phase's IGBT bridge arm is equivalent
to a single-pole three-throw switch, ea, eb, ec are three-phase grid vol-
tages, ia, ib, ic are the filter output currents, vdc2 and vdc1 are equal ca-
pacitor voltages. The switching state function Sk is defined by:

= ⎧
⎨⎩−

=S k a b c
1
0

1
, ,k

(4)

Thus, the combination of the switching function S relative to
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In order to facilitate a further derivation of three-level mathematical
model of APF, the switching function Sk, S1k, S2k, S3k are introduced:
when Sk = 2, define S1k = 1, S2k = 0, S3k = 0; when Sk = 1, define
S1k = 0, S2k = 0, S3k = 1; when Sk = 0, S1k = 0, S2k = 1, S3k = 0; and
the decomposition satisfies the following constraint relations:

⎧
⎨⎩

+ + = ⊂
⊂ ⊂ ⊂

S k S k S k k a b c
i k a b c

1 2 3 1 [ , , ]
Sik [0, 1] [1, 2, 3] [ , , ] (6)

thus it can be written as:

Fig. 2. Harmonic current detection algorithm
based on orthogonal theorem.

Fig. 3. Simplified circuit of three-level inverter.
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The single leg of the three-level active power filter in Fig. 3 is
simplified into the equivalent buck circuit as shown in Fig. 4. For a
balanced load scenario, we can consider a single phase for analysis and
its related equations and expressions are applicable for other two
phases, the Kirchhoff voltage equation for phase A:

= − − +L di R i e V
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a
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Substituting (5) into (8) we get:
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In addition, the DC side current is idc+, idc−:
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Merge (8)–(12), when the mathematical model of the diode clamped
three-level active power filter is given by:
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According to state space,
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This is the mathematical model of three level NPC inverter, the next
step is to get the average model from this model and then small signal
model is determined from the average model.

4.2. Three-level NPC inverter average model

Consider C = 2C1 = 2C2, Vdc = Vdc1 = Vdc2, Vdc1 = Vdc2 and, after
simplification of (13) and (14) we get:
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Applying the switching-cycle average algorithm on (8) and (9):
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4.3. Small signal model of three-level NPC inverter

As can be seen from (17) and (18), by ignoring DC voltage fluc-
tuations and considering the grid voltage to be balanced, there are only
six variables S S S S S S, , , , ,a b c a b c1 1 1 2 2 2 to control the phase current for
each phase, making the model much simpler than if these variables into
the model are considered. As midpoint voltage fluctuation within one
switching cycle, i.e. Vneu is constant in one switching cycle;

−+ + + +S S S S S S
3 3

a b c a b c2 2 2 1 1 1 is also constant and, in the small-signal
model, a small perturbation added to a constant is zero. Finally, the
small-signal model is given by:
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The transfer function of the three-phase current switching state Sk
can be obtained from (19):

Fig. 4. Buck equivalent three-level NPC inverter circuit.
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It can be seen that the transfer function for all the three-phase
current is the same, so transfer function for three level APF current can
be generally written as:

=
+

G s V
L S R

( ) ( /2)
is

dc

1 s (21)

The sampling and computational delay in digital implementation is
approximated as:

=
+

G S
T s

( ) 1
1 d

pwm (22)

Substituting L1 = 0.2 mH, Rs = 0.1 Ω, Vdc = 750 V in Eq. (21), the
system transfer function is given by:

=G G s G s( ) ( )i pwm is (23)

4.4. Control structure

The equivalent control block diagram for a three-level inverter for
APF application is shown in Fig. 5.

4.4.1. Inner current control loop
The current control loop in the APF is quite demanding due to a

non-sinusoidal reference current wave shape. The current control is
designed to minimize tracking error adhering to grid total harmonic
distortion (THD) requirement and fast dynamic response in the event of
load and source variations. In this paper, a PI controller is used to
control the current output. The current control loop ensures that the
output current of the APF tracks the reference harmonic current. For
better compensation, the loop gain is required to have high gain and
bandwidth. The equivalent loop gain for the current control loop is
given by:

=G G s G s G s( ) ( ) ( )i PI pwm is

The Bode plots of the loop gain of the uncompensated and PI
compensated system are given in Fig. 6. The Bode diagram with com-
pensator shows that the crossover frequency is 3 kHz, which is 25 times
the fundamental frequency and provide fast response. The loop gain at
the harmonic frequencies is high enough for the controller to generate
them with minimum error. In addition, the phase margin of 30° results
in a stable system.

4.4.2. Voltage control loop
The voltage control loop maintains the DC-capacitor to a specified

reference voltage against the loss in energy in the switching device and
parasitic components [32]. This is realized by drawing an in-phase
current from the utility voltage to counter the drop of DC-voltage. The
effect of capacitor voltage variations due to changes in the APF output
current is determined based on the average power transfer in one
fundamental cycle.

As in the three-level NPC inverter, there are two capacitors on the
DC-side, the voltage on each needs to be controlled. The capacitor

Fig. 5. Control block diagram of APF using
three-level inverter.

Fig. 6. Loop gain of current control loop.

Fig. 7. Simplified block diagram for voltage control loop.

Fig. 8. Loop gain of voltage control loop.

Table 1
System parameters used in simulation.

System parameter Value

Line voltage 220 V, 50 Hz
APF output inductor 0.2 mH
DC side capacitors 5000 μF each
DC side voltage 750 V
Switching frequency 10 kHz
Power converter IGBTs
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Fig. 9. Current tracking and voltage tracking performance.

Fig. 10. Midpoint voltage control waveform with same capacitors value.

Fig. 11. Midpoint voltage control waveform with different capacitors value.
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voltage control is for power balance and hence to derive a simplified
model, a lossless system is assumed and both the capacitors are con-
sidered as a single unit. Equating input and output power, the transfer
function, G1(S) relating the APF output current to DC-side current is
given as:

=i E V i3 k k dc dc

where Vdc is DC-side voltage and Ek is the three-phase line-to-line RMS

voltage and

=G s E
V

( ) 3 k
1

dc

The simplified block diagram of the voltage control loop is shown in
Fig. 7. For the outer voltage control loop the influence of the inner
current control loop can be neglected. The inner current control loop
has a high gain in the frequency range until 3 kHz, hence a gain of “1”

Fig. 12. Current harmonic detection waveform.

Fig. 13. Compensation effect of three-level APF.
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can be taken for its equivalent closed-loop transfer function. The outer
control loop is designed with a low-crossover frequency, generally
100 Hz to prevent output current distortion. The effect of the inner
current control loop is seen at higher frequency in the form of a re-
sonance peak. However, these are not considered for design of the
voltage control loop as they are beyond the frequency of interest. The
loop gains of uncompensated and PI compensated voltage control loop

are shown in Fig. 8.

4.5. Neutral-point voltage control

Neutral-point voltage imbalance is an important issue in NPC in-
verter topology [25]. An unbalanced neutral-point voltage will cause
damage to switching devices, and a low-frequency ripple appears at the

Fig. 14. Compensation effect of three-level APF during load change.

Fig. 15. THD of the grid current before and after compensation.

Fig. 16. DC side voltage and neutral point voltage during load change.
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neutral point resulting in low-frequency harmonics in the output vol-
tage, which increases the THD of the output current [33]. As it is
complicated to solve this issue directly, various algorithms have been
introduced to balance the neutral-point voltage for carrier based
modulation as well as for space-vector modulation.

Based on a multicarrier modulation strategy, a zero-sequence in-
jection method is used to control the neutral-point voltage in this paper
[34]. In this paper, using the neutral current direction and the voltage
difference between the two DC-side capacitors, the appropriate zero-
sequence component is calculated and is superimposed on the reference
voltages. Neutral-point voltage control based on space vector modula-
tion (SVM) can also be used [35,36].

5. Simulation results

The shunt three-level active power filter connected to a non-linear
load is simulated using the MATLAB/SIMULINK environment. The
system parameters considered for the study of the APF for simulation
are mentioned in Table 1.

The simulation is carried out using the controller parameters from
the derived model and shown in Fig. 9. This validates the derived model
and truly represents the characteristics of the three-level inverter. Fig. 9
shows the current tracking and voltage tracking performance. It can be
seen that the tracking error in the inner current control loop is very
small, and the average model used for the voltage control loop also
results in very good tracking of the reference DC-side voltage.

Fig. 17. Overall block diagram of experimental setup for controller and monitoring.

Fig. 18. Overall program structure for digital controller implementation in DSP.
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Fig. 10 shows the response of the midpoint voltage control. The
method to control midpoint voltage is based on the injection of a zero-
sequence voltage with the SPWM modulation strategy used in the si-
mulation. It can be seen from the simulation that the maximum fluc-
tuation in the midpoint voltage is 4 V, which is quite reasonable. In the
actual system, the DC-side capacitors value cannot be exactly the same,
as discussed earlier. In order to test the effectiveness of the midpoint
voltage control in extreme cases, the two capacitance values are set to
4000 μF and 6000 μF, and the initial voltage of the two capacitors is set
to 412 V and 338 V while the other parameters remain unchanged. The
simulation under these circumstances is shown in Fig. 11. The simula-
tion based on harmonic detection is shown in Fig. 12. As can be seen
from the waveforms below, the harmonic detection algorithm based on
TTA can accurately detect the harmonic content of the load.

The compensation characteristic of the three-level APF is shown in
Fig. 13. The nonlinear load is an uncontrolled rectifier with an inductor
on the DC-side of value 0.08 mH and a resistance of 3.2 Ω. The amount

of rectifier load current is 160 A with 28.45% total harmonic distortion.
The three-level APF compensation result is shown in Fig. 13 where the
uppermost plot is the load current, the middle one is filter output
current and the lower one is the grid current after compensation. It can
be clearly seen that about 90% harmonic reduction occurs after com-
pensation.

The compensation effect of the three-level APF due to sudden load
change is shown in Fig. 14. It can be seen that when the load changes
abruptly the output has some reaction immediately, but reaches the
steady state within half of a fundamental cycle. The APF response to
track harmonics is also fast and settles down within half a fundamental
cycle. Fig. 15a shows the FFT analysis of the load current and Fig. 15b
shows the FFT analysis of the grid current with THD reduced to 3.42%
from 28.45%.

As can be seen from Fig. 16, when the load suddenly increases, the
DC-side voltage and the midpoint-voltage fluctuations also increase
because the APF output current suddenly increases, resulting in a
sudden increase of the neutral current, but still the DC side voltage and
the midpoint voltage fluctuations are small (RMS less than 5 V).

6. Experimental verification

The prototype model of the shunt APF was developed in the la-
boratory to validate the APF functionality using the three-level NPC
inverter. DC side of the inverter is connected with a 35-kW Chroma DC
power supply which is used as dc source voltage for inverter during the
experiment of three-level NPC inverter setup. The three-phase variable
AC supply is used as grid source which connected to three-level APF
and nonlinear load. An uncontrolled bridge rectifier is used as a non-
linear load.

6.1. Hardware setup for control

The control system hardware circuit mainly consists of three circuit
boards, a control board, a logic control panel and an IGBT driver board.
The Control board mainly includes the digital signal processor (DSP),
complex programmable logic device (CPLD), analog to digital convertor
(AD), analog signal conditioning circuitry and digital IO signal isolation
circuit. For a DSP TI's TMS320F2812 chip is selected, while Altera
Corporation's MAXII series EPM1270T144I5 chip is selected as CPLD.
The division of tasks between CPLD and DSP is shown in Fig. 17. It can
be seen that DSP plays a leading role in the digital control of the entire
device, Soft PLL, harmonic current detection algorithms, the digital
control of the current loop, DC voltage and the midpoint voltage bal-
ance digital control, generation of PWM signal to drive the IGBT. CPLD
plays an auxiliary role in the overall digital control; due to its rapid
response, fast processing and hardware features, it is used to detect
error signals and respond quickly, for example to a fault signal or a

Fig. 19. Three-level APF overall laboratory experimental setup.

Table 2
System parameters used in experiment.

System parameter Value

Line voltage 50 V
APF output inductor 0.4 mH 100 A
DC side capacitors 19,800 μF
DC side voltage 100 V
Switching frequency 10 kHz
Power converter IGBTs

Fig. 20. Three-level inverter output voltage.
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PWM signal.
The computing panel of the digital control board also has three AD

chip, the model is AD7658. Any analog signals from external sensors to
digital control panel are passed through the AD for analog-to-digital
conversion, but before AD sampling the signal is passed through an
analog filter which filters out unwanted high-frequency interference. In
a three-level APF, the signals that need to be conditioned through
analog filter are three-phase grid voltage, two DC bus voltages, three-
phase filter output current, and the three-phase load current. So the
design of the cut-off frequency of the low pass filter for this analog
signal conditioning needs special attention.

The program is written in the C language and can be divided into
three blocks: the while loop in the main program, the timer interrupt
and the communications interrupt. For safe operation of the device, a
main loop is devised which checks the fault signal at start of every
cycle. If fault status is normal, the corresponding data processing and
control algorithms are carried out else, it will stop all the PWM outputs,
causing the device operation to stop. The program flow diagram is

shown in Fig. 18a.
Since the switching frequency is 10 kHz so the interrupt cycle is of

100 μs. For every time interrupt occur, the control program of the three
ADs start sampling the external analog signal; once the signal is sam-
pled the conditioning of the sample is the next step. The program reads
the DC-bus voltage, AC voltage signal, load current, neutral-point vol-
tage and APF output current. First of all, the AC voltage is taken and
used for generating a reference sine wave, after which harmonic and
reactive current extraction from the load current is carried out. After
calculating the reference current through the DC-voltage control, the
current control algorithm is carried out. Finally, the midpoint voltage-
control program runs and the zero sequence component is added to the
modulating voltage and then ultimately PWM signal is generated. The
program flow diagram is shown in Fig. 18b.

6.2. Experimental results

Fig. 19 shows the three-level active power filter prototype devel-
oped in the laboratory. The system parameters used in the experimental
platform are shown in Table 2.

The experiment on the three-level APF is carried out step by step. In
the first step, the APF is checked as a rectifier, so the APF is working as
a controlled rectifier to maintain the DC-voltage constant without
producing harmonics at the output. Fig. 20 shows that the APF output
line-to-line voltage has five levels and approximates a sine wave, re-
sulting in low loss, low electromagnetic interference and low waveform
distortion as compared to a conventional inverter. Fig. 21 shows the
load current, grid current and APF output current and midpoint voltage
in the steady state. It can be seen that the grid current waveform after
compensation compared to the load current waveform has more ob-
vious improvement. Besides, the midpoint voltage fluctuation meets the
design requirements. The THD of the source current is much reduced,
from 26.3% to 4% as shown in Fig. 22.

Figs. 23 and 24 show the compensation effect of the three-level APF
when there is a sudden change in load. Fig. 23 shows the condition of
sudden change from no load to load while Fig. 24 shows the opposite. It
can be seen from the waveforms when load is changed suddenly, the
output has some reaction immediately but reaches the steady state
within one fundamental frequency cycle. The midpoint voltage at a
sudden load experienced fluctuations, obviously this is because the
output current of the APF suddenly increases, resulting in a sudden
increase in line current, but still the midpoint voltage fluctuations re-
main small (less than 2 V).

Fig. 21. Experimental waveform of APF after compensation.

Fig. 22. THD of load and source.
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7. Conclusion

This paper presents the suitability of using three-level NPC inverter
topology for a high-power medium voltage APF application. A three-
level NPC inverter topology can address the deficits of the two-level
inverter topology, and the neutral-point voltage unbalance (considered
to be one drawback) does not limit the effectiveness of the topology.
The paper mainly focuses on the modelling and controller design of
three phase three level NPC inverter. A simplified novel approach was
used to derive a model for three-phase three-level NPC inverter using
state-space analysis. The derived model accurately represents the
system characteristics and helped in controller design, resulting in a
good tracking response of the current controller. The DC-side voltage is
also maintained at reference voltage with good precision. The paper
also utilizes a harmonic extraction technique based on the time trans-
formation algorithm in the proposed topology. This harmonic extrac-
tion method provides fast and accurate reference current generation.
The overall compensation performance was evaluated in simulation and
on experimental platform, showing excellent compensation perfor-
mance in the steady and dynamic states.
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