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Article Info Abstract

Increased penetration of nonlinear loads like power electronic converter based systems have
Received: 10/03/2017 aggravated issue of harmonic injection in the power system. Neutral current harmonics is an
Accepted: 12/05/2018 issue of concern for three phase four wire system. This paper is focused on the elimination of

neutral current harmonics with the help of shunt active power filter based on the star-delta
transformer and single phase half bridge inverter. The presented active power filter eliminates

Keywords harmonics present in neutral current which in turn helps in mitigating third harmonics from the
Active Power Filter supply mains. The topology has the advantage of reduced number of semiconducting devices
Harmonics and switching losses as compared to conventional three phase active filter. Simulation studies
Neutral Current for the proposed active filter are presented and compared with the behavior of conventional

three phase active filter. Experimental results for DSP based laboratory prototype of the
proposed filter are shown to substantiate performance of system. Both simulations, as well as
experimental results, demonstrate effective compensation provided by single phase half bridge
inverter based active filter.

1. INTRODUCTION

With the growth of active and nonlinear loads, including the increasing number of static power converters
and arc furnaces just to mention part of the problem, the performance has been considered as an essential
component in a power distribution installation [1]. Because of the presence of large number single phase
loads in three phase four wire systems, substantial amounts of triplen harmonics are also produced in
addition to other harmonics. The distorted load current even in the case of balanced loading condition
leads to flow of neutral current. While increased lower order harmonics affect the overall performance of
utility, the presence of triplen harmonics in the power line results in following problems:

1. Greater power losses due to higher harmonic currents on the source side.
2. Interference in the communication system.
3. Overheating of Neutral Conductor and/or severe damage to conductor

It is reported in a survey that 22.6% of the sites that have more no. of computer and single phase non-
linear loads show neutral current in excess of 100% of the phase current due to zero sequence nature of
triplen harmonics [2]. It is also reported that increased no. of neutral conductor failure is as a result of
flow of triplen harmonics in the system. Additionally, the flow of harmonics affects the sensitive
electronics equipment [3]. This makes it essential to eliminate neutral current harmonic from the system.
Passive filters have been conventionally used to control the flow of harmonics in the system.
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Passive harmonic filters comprise of passive components and are connected either in series/parallel
combinations for mitigation of harmonics. They have disadvantages like limited compensation, bulky,
etc. Active power filter (APF) is used to solve these issues [4-11]. The active harmonic filter is designed
and controlled such that current and/or voltage harmonics components are injected 1800 out of phase
resulting in elimination of compensation of harmonic components. In addition to this, active power filters
can also compensate reactive power, regulate terminal voltage, suppress flicker and improve voltage
balance in three wire as well as four wire systems. For neutral current harmonic elimination, traditionally
active power filters based on three-phase, four-wire inverter topology is implemented [12, 13]. A
conventional three phase four wire split capacitor based topology is shown in Figure 1. On the other hand,
Transformer configurations for neutral current compensation have been reported in [14, 15]. While zig-
zag transformer based three phase inverter topology for compensation in three phase four wire is popular
[16], it requires additional winding for the realization of zig zag transformer. A T-connected transformer
based topology is proposed for harmonic reduction and neutral current reduction in [17]. The topology
not only requires three phase inverter but has complex control strategy. The use of transformers along
with APF for elimination of neutral current harmonics helps in reducing the rating of inverter topology
used for APF. However, most of the topologies which compensate triplen and as well as other harmonics
have disadvantages in terms of:

» Increased DC link voltage value (=1.75VLL) which in turn increases rating of switches
» Increased switching losses
» More no. of switches

Additionally, use of magnetics will result in increased losses. This necessitates topology which uses less
no. of switches to justify efficiency of the overall system. On the other hand, flow of triplen harmonics in
the distribution system may be local phenomena where compensation of neutral current is essential while
TDD is still within limits for given short circuit capacity. The current topology is a feasible solution
where problems due to excessive third harmonics affect the overall performance of the system.

The power circuit diagram of single phase half bridge inverter based topology which uses Star-Delta Y—A
transformer is shown in Figure 2. The topology has the capability to compensate neutral current as well as
source triplen harmonics. In this work, the compensation capabilities of said topology are analyzed under
various conditions and compared with existing three phase three wire topology. In addition to this, a
guantifiable analysis is done in terms of switching losses and reduction in third harmonic as well as
neutral current.
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Figure 1. Power Circuit Diagram of Conventional Three Phase Inverter SAPF with split DC capacitor
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Figure 2. Power Circuit Diagram of Single Phase Half Bridge Inverter based SAPF
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The control of SAPF is crucial to generating effective compensating current for removal of third
harmonics from the system. The presented SAPF has simple as well as an effective active filtering
technique, thus compensating the neutral current and simultaneously reducing total harmonic distortion
(THD) of the system. To emphasize the concept, the performance of proposed SAPF is compared with
conventional three-phase SAPF. Simulation, as well as experimental studies, are presented to show
effectiveness of the SAPF. The paper is organized as follows: The compensation principle of half bridge
inverter based SAPF is described in section-I1. The control philosophy and design of the system are key
points for feasibility of the topology. Hence, Design of the topology is presented in section Il which is
followed by control strategy and flow chart for digital implementation in section IV. Simulation is carried
out and essential comparison is shown in section-V. The experimental prototype and results with neutral
current compensation limiter are described in section VI which is followed by conclusion.

2. COMPENSATION PRINCIPLE OF HALF BRIDGE INVERTER BASED SAPF

The three-phase distorted current waveform are given by,

0

i, (t) = I 4sin(at +¢, )+ D 1,sin(net +4,, ) 1)
n=2
I, (t) = Iblsin(a)t +qﬁm—2?7zj+iIbnsin(na)t+¢ﬁDn _2?7:) (2)
n=2
i ()= Iclsin(a)t+¢c1+2—3”j+ilcnsin(na)t+ cn+2§j (3)
n=2

In addition to this, the neutral current in case of three phase four wire system is given by,

1 (8) =1, (6) +1, (1) +1,. (1) 4)
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Figure 3. Principle of Compensation of triplens from source side and neutral conductor

i®)=1,0t)+ Zsl 3l,sin(nat + g, ) (5)

n=3,,9,..

where | (t) signifies neutral current due to unbalance in the load whereas triple frequency components

suggest that when triplen harmonics flow through the neutral conductor, are added cumulatively. In this
way, triplen harmonics has two major impacts on the system.

1. The triplen (third harmonic specifically) has a larger magnitude in comparison to other lower
order harmonics. When drawn from the source, it results in large THD value.

2. A large magnitude of triplen current is carried by a neutral conductor which results in
excessive heat production or eventually burning of the conductor.

Hence, it becomes essential to eliminate flow of triplen from source side as well as through the neutral
conductor. This paper aims to develop a controlled current source which does not only mitigate third
harmonics into the system but draws triplen harmonics through neutral conductor such that source side is
relieved from the effect of triplen. Figure 3 shows compensation principle of triplen harmonic in the
distribution system.

The controlled current source compensates for triplen harmonic of the load side. This controlled current
source can be synthesized using any current controlled VSI. In this case, all controlled current sources
have same magnitude and phase given by the equation below:

L,(t) = i I sin(nat +d,, ) (6)

n=3,6,

LO

According to Kirchoff’s Current Law, the neutral current compensated by filter is given by,

i ()= 3l,sin(nat + ¢, ) )

2M8

(o2}
©

n=3,

Also, the source neutral current is reduced to,

o (0) =i, () 14, (1) (8)
which contains fundamental component only due to unbalance.

These controlled current sources can be either synthesized using three independent IGBT legs controlled

for given amount current (conventional topology) or through the single IGBT leg feeding star side of the
transformer (presented case). Since the inverter injects third harmonic current into each phase through
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neutral point of star side of transformer, which is 1/3" of the total neutral current, phase current values
will be revised to,

ia(t):Ialsin(cot+¢al)+ilansin(na)t+¢an)— i Insin(na;t+@n) 9)
|b(t)_Iblsln(a)t+¢m—?j+ZIbnsm(naj+¢aﬂ j i |,sin(nat +g,, ) (10)
ic(t):lclsin(a)tJrqﬁcl 23 )+Zlmsm(nwt+¢cn+ ) i l,sin(nat+d,, ) (12)

In this work, the objective of the inverter is to supply triplen current to the load. Hence, it becomes
necessary to extract triplen components which can be easily attained through Notch Filter. The transfer
function of the notch filter is given by,

H, (s*+ &’
$?+ D5t

Q

The zero frequency w; and pole frequency wo are made equal to realize the standard notch filter. In this
work, the filter is realized using the digital processor. This can be done by substituting Laplace operator
with

s— E(Z_‘lj (13)
T \z+1
Here, Ts is the sampling frequency of algorithm. The Eq. (12) is revised to
1-z7 G -_:: s j+ z
H(2) = b wo (14)
2-2 0+ af
_ 2
1-71 22, + Q 77

2+2a(30+a)§ 2+2ac)2°+a)§

The appropriate value of pole frequency wo and width Q are taken as 314.16 rad/sec and 2.5 respectively.
The value of Ts depends on switching frequency of the system. The final transfer function for the given
system is,

H, (1+0.90356430z ! +2°?)

H(z)= — -
1+1.9948594447 +0.994920081z

(15)

3. DESIGN OF HALF BRIDGE INVERTER BASED SAPF

Considering the line to line source RMS voltage of Vs=415V, the phase voltage value is obtained as,
Vph=240V. A single phase nonlinear load is connected between one each phase and a neutral terminal.
The value of load resistance is taken as Ri=35€ and filter components on DC side of the load are taken as
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Lg=2.5mH and Cq=470uF. After extracting third harmonic component from the load current, it is found
that the value is 13=8.3A.

The absolute rating of transformer used for compensation purpose will be

S=3v,1,

(16)
S =3x240x8.3

The absolute rating of the transformer is taken as S=5.976kVA. In addition to supplying harmonics, the
star-delta (Y/A) transformer also feeds negligible amount of active power to maintain DC link. Hence,
suitable de-rating is done which leads to transformer rating of 6.5 kVA. The transformer employed is a 2:1
transformer resulting into the voltage value of 120V on the secondary side (Delta side).

3.1. DC Capacitor Value

The dc side capacitors are designed to have minimum ripple in the output voltage. Based on the value of
peak to peak voltage A4V, and frequency of rectifier, the filter value is calculated as:

Al

Ao =3

In order to limit voltage ripple to 5% of the total voltage and current ripple to 50A, the capacitor value is

co 50
 3x314.16x85

= 6241,F

Due to availability, two 12mF capacitors are connected in series to obtain 6mF of capacitance.
3.2. Filter Inductor

The appropriate value of filter inductor used for coupling the inverter to neutral point of the transformer is
decided based on the DC link voltage value Vqc, modulation index m,, switching frequency fsw and current
ripple. The equation for filer inductor is given by,

0.5v,.m
L, =% 17
"oef Al )

Considering the DC link voltage of V4.=170V, modulation index m,=0.7, switching frequency fs of 5 kHz
and neutral current error A4Iy of 0.8A, the value of total filter inductance is given by L=2.48 mH is
obtained. Since the leakage inductance offered by the transformer is taken as 1.5 mH on 0.02 pu basis, an
external inductance of 1 mH is selected.

4. OPERATION OF SHUNT ACTIVE POWER FILTER
4.1. Half Bridge Inverter Based SAPF

A three phase inverter based SAPF requires six switches and corresponding gate driver circuits. Similar
performance for mitigation of triplen harmonics is achieved by the SAPF topology which utilizes a star-
delta transformer along with half bridge inverter [4]. As shown in Figure 2, star connected primary
winding of the transformer is connected to the supply while delta connected secondary is linked to three-
phase half bridge rectifier of the APF. The neutral current (iLn(t)) from the load neutral terminal is forced
to flow through the half bridge inverter and is denoted as (in(t)). Under steady state condition, the same
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Figure 4. Flowchart of control of implemented Shunt Active Power Filter (a) control algorithm (b)
neutral current limiting algorithm

amount of current (if(t)) is fed to the neutral terminal of star side. The third harmonic current iss(t)
circulates within delta connected winding, the output of which is supplied to the diode-bridge rectifier.
Hence, third harmonic and its multiples are reduced in the neutral current. As zero sequence components
of current are injected, current is divided equally between all primary winding of the transformer. This
current, in turn, provides a closed path for a third harmonic component of current on the load side. Thus,
source side is relieved from catering third harmonic component.
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4.2. Neutral Current Limiting Strategy for the Proposed SAPF

Conceptually, Shunt Active Power Filter can compensate for any magnitude and frequency of harmonic
generated by nonlinear load. However, in practice, the SAPF has a finite rating and hence needs to be
protected against the overload condition, especially when the requirement of the nonlinear load exceeds
the rating of SAPF. Figure 5(b) shows control strategy to limit neutral current during overloading
conditions which in turn limits the compensating current, thus providing protection to SAPF. Figure 4 and
Figure 5 presents flow chart for control of proposed SAPF. Sensed load side neutral current (lin(t)) is
restricted within tolerable limits with the help of neutral current limit system. This signal is compared
with filter current to produce the error. This error is applied to notch filter which in turn generates the
error (Ae). The error (Ae) is compared with ir and the resultant error is fed to linear current controller i.e.
Pl controller. The output of the linear current controller is compared with 5kHz triangle carrier wave to
generate PWM gate pulses for SAPF[4]. In this topology, SAPF compensating current (In) is injected to
transformer neutral (N) and thus reduces the harmonics in the neutral current.

) + Ae
ires —() | PI co;{ltroller Current
© Limiter

Switch Sp
and S»

Carrier

1
(Ry+Ly)
Notch I, = I INA— I,
Filter 4 Neutral
Current
Limit

Figure 5. Half Bridge Inverter Control system Block Diagram

Table 1. Simulation Parameter of Half Bridge Inverter based SAPF

Parameter Value
Supply Frequency 50 Hz
Non-linear load (R)-35 Q
Balanced Load L-25mH
C—470 uF
Y-A Transformer Turns Ratio 2:1
6.5 kVA
Filter Capacitor 6mF
(Two 12 mF
connected in series)
Filter Inductor Li—1mH
Bandstop Filter feenter-50 Hz
fband-ZO Hz
Switching Frequency | 5 kHz

4.3. Analysis of Half Bridge Inverter Closed Loop Operation
The gain Ky, of Half bridge inverter is given by,

_EVM

K
2A

(18)
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Figure 6. Simulation results of Three Phase Bridge Inverter based SAPF for compensation of third
harmonic in neutral conductor: (a) Load Current i.a (b) Load Neutral Current i, (¢) FFT Spectrum of
Load Current iia (d) FFT Spectrum of Neutral Current (e) Source Neutral Current is, (f) FFT Spectrum of
Source Neutral Current is» (g) Source Phase Current is, and (h) FFT Spectrum of Source Current (THD =

4.2%) isa

where, A; = Peak Amplitude of triangular carrier wave, V; = Peak-peak amplitude of reference wave. The
proposed control system is of first order and the closed loop transfer function is given by[4, 18],
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(I,-1y)©) _ Ri+Ls

= (19)
I (s) R +Ls+K.K,
The steady state error of closed loop transfer function is,
e(s) = lim—~ (20)
s—0 1+ Kc Km
R, +L;s
The proportional constant K;, is defined as,
K.K
K =Rl (21)
p Rf

Where K,, K are PI controller constants, Ky is inverter gain, Ly is inductor SAPF and R is resistance of
inductor.

5. SIMULATION RESULTS OF SHUNT ACTIVE POWER FILTER
5.1. Simulation Results of Three Phase Inverter Based SAPF

In order to compare the performance of presented SAPF with existing three phase three wire split
capacitor based SAPF, a model is simulated using MATLAB/ Simulink® software and where harmonic
contents are extracted with p—¢g theory and inverter is controlled using a linear current controller for
single phase nonlinear load. System parameters considered for simulation studies are mentioned in Table
1. The simulation results for the topology under balanced loading condition are shown in Figure 6. Load
current for all the phases, consisting of harmonics injected due to nonlinear load is shown in Figure 6.
FFT of the nonlinear load current is presented in Figure 6(b).

The presence of third harmonics, as well as other odd harmonics, is evident from the results. These
harmonics are injected in the source current and also causes issues of neutral currents as shown in Figure
6(c).

This SAPF compensates the neutral current harmonics and as a result, third harmonics other odd
harmonics are eliminated from the source current as shown in Figure 6(e). Neutral current without and
with compensation is shown in Figure 6(c) and Figure 6(d) respectively.

5.2. Simulation Results of Half Bridge Inverter Based SAPF

The simulation results for the topology under balanced loading condition are shown in Figure 7. Load
current for all the phases, consisting of harmonics injected due to nonlinear load is shown in Figure 7.
FFT of the nonlinear load current is presented in Figure 7(b). The presence of third harmonics is apparent
from the results. Similar harmonics are injected in the source current as well. The SAPF compensates the
neutral current harmonics and as a result, third harmonics are eliminated from the source current as shown
in Figure 7(f). Neutral current without and with compensation is shown in Figure 7(b) and Figure 7(e)
respectively. The harmonics analysis of Neutral current without and with compensation is shown in
Figure 7(d) and Figure 7(f). SAPF compensating current(In) is shown in Figure 8.

Figure 8 shows SAPF compensating current for the load neutral current (lin) shown in Figure 7. To show
the effectiveness of the neutral current limiting strategy, the limit for neutral current is decreased. Thus,
the amplitude of SAPF compensating current (In) reduces and the strategy also keeps the source neutral
current (lsn) within the set limits. This scheme provides protection to SAPF under overloading conditions.
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Figure 7. Simulations results of Half bridge inverter based SAPF for third harmonic elimination in
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The comparison of performance of both topology and strategy is given in Figure 9. In addition to this, the
performance of half bridge inverter based SAPF is tabulated in Table 2 under weak and strong grid
conditions. It is worth noting that under weak grid as well as strong grid conditions, the compensation
capabilities remain unaffected. The increased THD of source current after compensation is due to the fact
that nearest harmonics i.e. 5" and 7™ remain unaffected. The magnitude of nearest harmonic has increased
in strong grid condition. Hence, it can be said that presented topology is a versatile solution under both
grid conditions.
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While three phase inverter based SAPF has more no. of switches, the present topology has only two
switches. On the other hand, the topology includes three phase transformer (magnetics) and hence the loss
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Figure 8. (a) SAPF Compensating Current without neutral current limiting strategy (b) Load Neutral
Current and Source Neutral Current after compensation with neutral current limiting strategy

Comparison of 3rd harmonic Comparison of Source Current

compensation in two topologies RMS values in two topologies
2 20
15 15
1 10
0,5 I I I 5

0 0 .

Phase A Phase B Phase C  Neutral Phase A Phase B Phase C  Neutral
m Three Phase Inverter = Half Bridge Inverter u Three Phase Inverter = Half Bridge Inverter
() (b)

Figure 9. Comparison of Performance of Three Phase Inverter and Half Bridge Inverter topology for
third harmonic compensation

analysis of both topologies play an essential role in the determination of topology for a particular
application. The simulation is carried out to analyze losses in both topologies.

For power semiconductor switches, parameters are selected such that losses of 10% occurs. Primary side
resistance and inductance of Y—A transformer are set as 0.16 Q and 1.5 mH respectively. Since THD of
the system depends on the loading of overall system, loading conditions of 50% to 100% are simulated
with successive increase of 10% for all configuration of Single Phase Half Bridge (SGHB) under Strong
grid Condition, Three Phase Inverter with Strong grid condition (SGTB), Single Phase Half Bridge with
weak grid (WGHB) and Three Phase Inverter with weak grid condition (WGTB). The loss analysis is
portrayed in Figure 9. It can be seen that under various loading conditions as well as both grid conditions
i.e. weak and strong grid conditions, total losses of proposed system is less than the three phase counter
parts.
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Table 2. Performance of Half Bridge Inverter based SAPF under weak and strong grid condition

Grid Condition | Nominal Power | Line Voltage Resistance/Ph Inductance/Ph
Weak PCC 10 kW 415V 100 m Q 3.3mH
Strong PCC 100 kW 415V 10mQ 0.33 mH

Grid Condition

Load Current
THD

Source Current
THD

Weak PCC 63.2% 31.2%

Strong PCC 84.9% 36.6%

Table 3. Experimental Setup Parameters of Half Bridge Inverter based SAPF
Parameter \Value

Voltage 415 Vi,

Non-linear load |Harmonic Generator with equivalent values

of R-35Q, L - 2.5 mH,C- 470 uF

Y/A Transformer |15 kVA
Filter Capacitor |6 mF (Two 12mF in series)
Filter Inductor  |Lf—1 mH
Bandstop Filter | fcenter = 50 Hz
fband = 20Hz
DSP TMS320F28335

6. EXPERIMENTAL RESULTS OF HALF BRIDGE INVERTER SAPF

For experimental validation, laboratory prototype of the half bridge inverter based SAPF is shown in
Figure 11. Load harmonics are generated under controlled laboratory environment using Harmonic
Generating Panel. The Three phase transformer is decided based on availability in the laboratory
prototype and hence rating is taken as 15 kVA. In order to sense load current and injected current, current
transducers are used. While large numbers of sensors are required to achieve compensation capability in
three phase three wire inverter based SAPF, presented topology requires only two sensors. One soft-
charge resistor is used for the soft-charge of DC link capacitor during the turn on of SAPF. The soft-
charge contactor is used to enable or disable the soft-charge process. The main contractor is provided for
the protection of IGBT’s against the over current and over voltage of DC link.
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Figure 11. Experimental Prototype of SAPF
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Figure 12. Experimental results for neutral current compensation using half bridge inverter based SAPF
with neutral current limitng strategy: (a) Load Current for Phase- A iia (b) Load Current for Phase- B i,
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(c) Load Current for Phase- C i (d) Load Neutral Current ir, (e) Source Current with limiting strategy
[X-axis: 5 ms/div, Y-axis: 50 A/div]

For control of SAPF, a 32-bit floating point processor DSP TMS320F28355 is programmed using C
Programming. Control card of DSP takes various feedback signals like load currents, filter currents,
supply voltages, and DC link voltage through a 12-bit Analog to Digital Converter. The event manager
module of DSP generates gate pulses for SAPF with the help of ePWM submodules. A separate
subroutine takes care of neutral current limiting strategy and entire control algorithm is operated at a
sample time of 100 wus. Load currents of all the phases lia,lib & lic are shown in Figure 12, Figure 12(a),
Figure 12(b) and Figure 12(c), respectively. Load neutral current (li,) is presented in Figure 12(d), while
Source side neutral current (In) is shown in Figure 12(e). In this case, the limit for the compensating
current is considered as 16 Amp. Effective operation of the SAPF is illustrated from the experimental
results.

7. CONCLUSION

A star-delta transformer and half-bridge inverter based SAPF is implemented for elimination zero
sequence component in neutral due to triplens and thereby eliminating triplen from the source side. The
topology of SAPF utilizes less number of switches and thereby reducing SAPF rating as well as switching
losses. SAPF connected with supply through the star-delta transformer is used to mitigate neutral current
harmonics thereby eliminating third harmonics from the system. Unique control strategy for protecting
the SAPF in the case of overloading conditions is also presented. The behavior of the proposed SAPF is
compared with the performance of conventional three phase SAPF through simulation analysis. A DSP
based laboratory prototype of proposed SAPF is developed for validation. Experimental and simulation
results of the presented SAPF indicate that the solution works satisfactorily for mitigation of third
harmonic and neutral current.
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