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ABSTRACT This research work proposes a cost-effective Hybrid Active Harmonic Filter (HAHF) method
to mitigate current harmonics in an industrial or commercial power network. The proposed HAHF is based
on a Silicon-Controlled Rectifier with an Electronic Inductor (SCR-EI) topology with a reduced number of
fully active switches and a better harmonic performance. A new shifted-pulse current modulation method is
proposed to cancel harmonics caused by other converters. A Particle Swarm Optimisation (PSO) algorithm
is implemented to optimise the modulation parameters and minimise the total harmonics. A lab prototype is
implemented in the laboratory to validate the proposed mathematical method and simulation results.

INDEX TERMS Active power filter, adjustable speed drives (ASD), harmonic mitigation, hybrid active

harmonic filter, selective harmonic cancellation, power electronics, PSO algorithm.

I. INTRODUCTION
The utilisation of power electronic converters on the electrical
distribution network has rapidly increased in the last decades.
Although these power electronic converters have increased
the controllability and efficiency of electrical systems, they
may be a major source of current harmonics and decay the
performance of all devices connected to the electrical grid [1].
Strict standards have been introduced, such as IEEE 519,
to minimise the negative influence of current harmonics on
the systems connected to the distribution network [2].
Several topologies have been utilised to reduce the cur-
rent Total Harmonic Distortion (THD;), such as transformer-
based multi-pulse rectifiers, electronic transformer-based
rectifiers, and active rectifiers. For the multi-pulse recti-
fiers, 12-pulse, 18-pulse, 24-pulse, and 30-pulse rectifiers are
employed in [3], [4], [5], and [6]. Although the multi-pulse
rectifiers improve the THD;, it requires bulky and lossy shift-
ing transformers, while the relationship between the THD;
and the number of pulses is not linear. In addition, the elec-
tronic transformer-based rectifiers are employed in [7] and [8]
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to reduce the THD;j, but they require a higher number of
parallel units to further reduce the harmonics and require
a proper controller for current sharing. On the other hand,
active rectifiers are utilized in [9] to shape close to sinusoidal
currents with low THD;, but they are expensive and complex
to control. Although all the above-mentioned topologies con-
tribute to reducing the injected THD; to the grid, they are not
able to selectively cancel the existing harmonics on the grid
or electrical distribution network.

In the literature, there are two main categories of filters
to reduce the current harmonics of the distribution network,
which are passive and active filters. Passive filters utilise a
combination of passive elements, such as inductors, capaci-
tors, and/or resistors, to reduce the current harmonics. How-
ever, passive filters’ performance depends on the load, and
their components’ values are subject to change with tem-
perature and time. They are also susceptible to their tuning.
Therefore, generating resonance is a significant problem, and
this category of filters is undesirable [10].

Active harmonic filters or active power filters utilise
active switching devices, such as Insulated Gate Bipolar
Transistor (IGBT). They provide superior performance and
overcome the aforementioned issues of passive filters [11],
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FIGURE 1. The Hybrid Active Harmonic Filter (HAHF) topology based on
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FIGURE 2. The Adjustable Speed Drives (ASD) with the Hybrid Active
Harmonic Filter (HAHF).

[12], [13], [14]. This type of filter is divided into a pure active
filter and a hybrid active filter. The Hybrid Active Harmonic
Filter (HAHF) employs a combination of passive and active
switching devices. Pure active filters are relatively expensive
for high-power applications, making them less attractive [15].

On the other hand, hybrid active filters are preferable
because of their cost-effectiveness [16], [17], [18], [19]. Sev-
eral hybrid harmonic filters have been proposed in the litera-
ture [20]. The control method for these filters is essential to
select the specific harmonics to be mitigated and maintain the
power quality level [21], [22], [23].

In [24], a HAHF employs six active switches connected
in series with a passive filter. This topology is proposed to
reduce the power rating and improve the power quality. On the
other hand, another HAHF with superior performance and
a reduced number of switches (four switches) is proposed
in [25], [26], and [27]. Numerous research articles have been
proposed on this topic, which contributed to the advancement
of the active harmonic filter’s technology. Although these
filters are technically matured, the commercially available
active filters are still unrealistic practical solutions due to
their high cost, especially for high-power applications, such
as three-phase Adjustable Speed Drives (ASD) [28].

The international standards permit ASD systems to have
relatively high Total Current Harmonics (THDi) based
on [29]; hence, a diode bridge rectifier is still preferred
in industrial ASD applications. An Electronic Inductor (EI)
based on a boost converter integrated with Diode Rectifier
(DR) is proposed to improve the current harmonics and main-
tain a constant power quality despite the variation in the
load [30]. Moreover, a current modulation technique for the
DR-EI is proposed in [31], [32], [33], [34], and [35] to miti-
gate specific harmonics. This current modulation technique is
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also utilised in a combination of DR-EI and parallel Silicon
Controlled Rectifiers (SCR) with EI to improve the current
harmonics [36], [37], [38].

The aforementioned research aims to mitigate harmonics
at the unit level of ASD. On the other hand, [39] proposed
a method based on DR-EI topology to mitigate harmonics
on the ASD distribution network selectively; however, this
method cannot reduce more than one harmonic simultane-
ously, and the THD; is still relatively high. In this research,
a modified shifted pulse current modulation technique based
on an SCR-EI topology shown in Fig. 1, with superior per-
formance, is proposed to mitigate current harmonics on the
industrial or commercial power network. In other words, this
paper proposes an economical solution for a HAHF suitable
for high power applications (ASD) with a reduced number of
active switches (only one fully active switch). The proposed
system utilises SCR due to its design simplicity, ruggedness,
efficiency, low cost, and high voltage and current capability,
which makes it suitable for high-power applications [40].
In fact, SCRs are widely employed for high-power appli-
cations, such as motor drives and wind power generation
applications [41], [42]. The proposed system aims to con-
trol the magnitude and phase angle of any order of current
harmonics in the distribution network. A genetic optimisa-
tion algorithm, known as Particle Swarm Optimization (PSO)
[43], is employed to optimize the parameters of the proposed
shifted pulse modulation technique. The proposed system
can be placed at the Point of Common Coupling (PCC) to
actively eliminate harmonics, as depicted in Fig. 2; however,
in this research, an ASD with a three-phase front-end DR is
considered as a case study of grid harmonics. A summary of
the novelties presented in this paper is as follows:

o A modified pulse-shaped harmonic mitigation method
based on SCR-EI is proposed.

o A PSO optimisation algorithm to minimise the harmonic
contents at the PCC is implemented.

o Comprehensive experimental testing is performed to
validate the proposed HAHF.

This research is organised as follows. Harmonic anal-
ysis for the electrical distribution system of conventional
ASD systems is illustrated in Section II. Then, the proposed
shifted pulse current modulation technique is explained in
Section III. The details of the PSO algorithm are provided
in Section IV. Section V presents the details of the hardware
implementation of the proposed system, while section VI
depicts the results of the system. Finally, the conclusion is
included in Section VIIL.

Il. HARMONICS ANALYSIS FOR ELECTRICAL
DISTRIBUTION NETWORK

The first step to mitigating harmonics from the electrical dis-
tribution system is to identify the magnitude and phase angle
of the current harmonics at the PCC. Then, the active har-
monic filter generates a waveform that minimises the targeted
harmonics of the electrical distribution network. In this paper,
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an Adjustable Speed Drive (ASD) distribution network is
selected as a case study. The ASD distribution network is cho-
sen since they are the major load in today’s global electrical
grid. Since most industrial ASD systems are still employing
conventional DR, harmonics analysis for DR-based ASD is
provided. Generally, the ASD distribution network can have
single or multiple drives.

In this research, the harmonic contents of the electrical
distribution network are analysed in two different scenarios.
The first scenario is when only a single DR-based ASD is
connected to the grid, while the second scenario is when the
electrical grid supplies twenty DR-based ASD. The impact
of having a single or twenty drives on the harmonic contents
of the distribution network is analysed in [39] and illustrated
in Table 1. In other words, the harmonics generated by a sin-
gle and twenty ASD systems are investigated. However, the
differences in the current harmonics’ magnitude and phase
angle at the PCC are compared in this section. Table 1 depicts
the magnitude and phase angle of major current harmonics
injected into the grid when twenty DR-based ASD systems or
a single DR-based ASD system is connected to the grid. It is
illustrated from the table that the magnitudes of the harmonics
are generally similar for single and multiple ASD systems.
However, the 7" harmonic in the single ASD is more than 15
% higher than in multiple ASD. The reason for that is when
multiple ASD systems are connected at the same PCC; some
harmonics may be cancelled depending on the power level of
each drive.

TABLE 1. Current harmonics generation from single and twenty ASD
systems based on diode rectifiers.

ASD System’s

Single Drive System Twenty Drives System

Harmonics
is 36.1% 32.1%
05 125° 122°
iy 26.5% 11.3%
0, 240° 208°
iq 8.9% 7.5%
014 30 288°
iy3 8.4% 4.2%
013 28° 310°
THD; 48% 35.5%

There are also variations in the harmonics phase angle for
single and multiple ASD systems. For example, the 7, 11,
and 13™ have phase angle variations of 32°, 75°, and 78°,
respectively, at full power operation. On the other hand, the
phase angle variation for the 5 harmonic is neglectable.

Obviously, the values of the current harmonics are differ-
ent in the single drive and multiple drive systems; however,
the differences are insignificant when investigating the har-
monic cancellation technique. Indeed, the comparison results
demonstrate that the single ASD system is the worst-case
scenario since it has a higher THD;; hence, the single ASD
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FIGURE 4. The waveforms of the conventional modulation method.

system (conventional DR with passive filter) is utilised as
a case study to represent the loads in the grid. Despite the
differences between the magnitude and phase angle of har-
monic values produced by the DR with passive filter and
the multiple ASD systems, this paper aims to prove that the
proposed technique is capable of producing harmonics with a
desired magnitude and phase angle to cancel harmonics from
the PCC.

Fig. 3 depicts the configuration of the implemented pro-
posed system. The system consists of an ASD with a front-
end three-phase DR with a passive filter, as a case study of
grid harmonics, and a parallel HAHF.

lll. SHIFTED PULSE CURRENT MIODULATION TECHNIQUE
FOR THE ELECTRONIC INDUCTOR (EI)

Modifying the dc current of the boost-based EI (/1) leads to
direct control of the input AC current (i, ip, and i.); hence,
the dc current (/z.1) can be modulated to mitigate current
harmonics at the grid’s PCC.

A. CONVENTIONAL METHOD

The current modulation technique proposed in [31] is com-
posed of a summation of three waveforms, as illustrated in
Fig. 4. The first one (I4.7) represents the conventional DR-EI
current waveform conducting for 120 degrees due to the diode
bridge limitation. The individual harmonic of this square
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wave is found by the Fourier series as written in (1):

Q= 41 401c05(30n) 0
nmw

The second and third waveforms (/> and -14.7) are the mod-
ulated current from boost-based EI. The results from these
three waveforms shape the grid current. The input current (i,;)
has a stepped-shaped waveform. The first current level starts
at (t = m/6); then, the current is controlled to move to the
second level at (t = «;). Finally, the current goes back to the
first level from (¢t = o) until (¢ = 7/2). From time equal to
(t = /2) until (+ = 57/6), the same pattern is repeated. The
individual harmonic of this new waveform (coloured in red)
is found by the summation of the three waveforms’ harmonics
as shown in (2) [31]:
; 414.1c0s(30n) n 4l 0cos(noy)

n

nmw nmw

_ 410 cos(non) @)
nw

The parameters /> and «; should be optimised to reach
the optimal harmonics reduction.

The red waveform shown in Fig 4 illustrates that the centre
of the second level pulse is always fixed at (t = 7/3). In con-
trast, the width of the pulse, noted by 6, can be controlled
to achieve the desired harmonic mitigation. The result of
this method enables low-order harmonics cancellation with
a slight improvement in the THD;. The drawback of this
method is the limitation of the conduction period from time
equal 7 /6 to 5 /6 and the lack of controlling the center of
the second pulse 1;.>.

B. SHIFTED PULSE METHOD

Instead of the centralised pulse in part 3, a shifted pulse cur-
rent modulation technique for the DR-EI is proposed in [39],
as depicted in Fig. 5. This technique is similar to the con-
ventional technique in part A. However, the only difference
is that the centre of the pulse is shifted from (t = 7/3) by a
value of (8). The individual harmonic of this current is found
in (3) [39]:

L 41 401c0s(30n) 10

n
ni

N 4l4e2(cos (nay) — cos (naz)) 1L —-wmse ()

ni

In this technique, the 142, o1, and § need to be optimised
for harmonics reduction. When this method is implemented
with the conditional DR at full-power operation, the THD;
reduces from 48% to 36%. Although this technique has the
advantage of controlling the second pulse />, it has a limi-
tation in controlling the first pulse ;.

C. PROPOSED SHIFTED PULSE METHOD

In order to increase the capability of the hybrid harmon-
ics filter in the literature, a modified shifted pulse current
modulation technique based on Silicon-Controlled Rectifier
(SCR) with EI topology (SCR-EI) is proposed as shown in
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FIGURE 6. The waveforms of the proposed Shifted-pulse modulation
method.

Fig. 3. The proposed technique is capable of mitigating a
wider range of harmonics as compared to the pre-existing
technique. Similar to parts 1 and 2, the mains current is a
summation of three waveforms, as illustrated in Fig. 6. The
maximum conduction period is still limited to 120 degrees
because of the nature of the SCR bridge rectifier. However,
when the SCR-EI is employed in parallel with ASD systems,
it can increase the system’s overall conduction period. The
starting point of the current conduction (I4.;) is not fixed at
(t = m/6) but controlled by a variable (ay), and the new
starting point is (t = a + 7/6), which leads to shifting
the centre of the pulse (/7). In the proposed method, the
centre of the second pulse (I4.2) is controlled by two param-
eters (8 and ay), and the new centre of the pulse is equal to
(t = m/3+ 8+ ay). In comparison, the pulse’s centre is fixed
at (¢t = m/3) in the conventional method while controlled to be
equal to (+ = r/3+4) in the shifted pulse method. Hence, the
current conduction starting point (cy), the pulse’s magnitude
(1gc2), pulse’s starting point («¢7), and centre (§) are controlled
to mitigate current harmonics in the electrical distribution net-
work. The individual harmonic, in this method, is proposed
in (4).

4Idcl

nmw

TN .
i, (1) = cos (ng) sin (nwt — noty)

414, 41,
+ [ﬂ cos (nay) — ez cos (nocz)]
nw nw

X sin (nwt — noy — nd) “)

Conditions (5) must be met at all times to avoid unwanted
harmonics and guarantee symmetrical AC currents.

g +ip+ic=0 &)
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The limitation or boundaries of «; is constructed based on
the standard waveform in Fig 4. In other words, both shifting
parameters (o and §) are assumed to be zero when selecting
a1. Since « is the starting point of the second-level pulse
conduction period, it must be larger than the starting point
of the first-level pulse (30°) and smaller than the centre of
the second-level pulse (60°), as illustrated in (6); to ensure
symmetrical 3-phase current waveforms

30 < o) <60 (6)

The pulse’s width (8) and oy can be directly derived from
a1; hence, optimising 1 means oy and 6 are optimised. The
parameters are calculated in the following:

a = 120 — o 7
6 = 2(60 — ay) (8

The shift of the second-level pulse (§) is dependent on the
selected o1, as illustrated in (9).

30—a; <86 <-304+0oy C)

In general, the firing angle of the SCR is limited to 180°.
However, it is limited to 60° in this application to limit the
increment of the displacement factor and ensure that the input
voltage of the EI is sufficiently high to operate in CCM.
Hence, the firing angle (a) is limited, as shown in (10).

0<ar <60 (10)

The derived equation (4) is a summation of three wave-
forms, as illustrated in Fig 6. The first waveform is a pulse
that has a magnitude of (/1) with a fixed width of 120° (at
limited o7 ) and a variable centre depending on the firing angle
(ar). The second and third waveforms have a magnitude of
Ly and —I;.9, respectively. The width of the second wave-
form is dependent on both the firing angle (cr) and the vari-
able («1), while the centre is dependent on the variable (§).
Finally, the centre of the third waveform is the same as the
second waveform’s centre, while the width is a conscience
of the selection of (7). The concept behind the dependency
of the third waveform on the second waveform is to ensure
that the three-phase currents are symmetrical.

The proposed equation (4) can be generalised by an m-
number of levels, as shown in (11) and illustrated in Fig 7.

. Ay AN 4
i, (1) = cos (n—) sin (nwt — noy) + —
nmw 6 nmw
m
41
X |:Z cos (najg) — 42 cos (naib)i|
P ni
X sin (nwt — noy — nd) an

The manipulation of the pulse’s parameters allows the pro-
posed filter to generate harmonics similar to the distribution
system’s harmonics in magnitude but with the opposite phase
angle. Thus, the harmonics are reduced. When implementing
this proposed method with a conventional DR, the THD; sig-
nificantly reduces. In this research, an optimisation algorithm
is built to select the proper pulse parameters, as explained next
section.

111410

Licm .
Lacs ‘
Lic2
Lic1 ¢
i J02a T 02b T >
e aga‘ a‘azb n 2n
ar+me O IJ H

Vo Vo
— —

FIGURE 7. The waveforms of the proposed Shifted-pulse modulation
method with m-number of levels.

IV. IMPLEMENTATION OF PARTICLE SWARM
OPTIMISATION (PSO) ALGORITHM

The basic principle of optimisation is to explore all available
solutions, evaluate them, then provide the optimum set of
solutions. In other words, the optimization algorithm finds
suitable combinations of pulse parameters (Iyc2, of, oy, §)
that results in the optimised harmonic level. The designer
specifies the constraints (K) or upper limit of the targeted
harmonics, and the optimization algorithm finds a suitable set
of parameters that result in acceptable harmonic content (/).
The n™ harmonic content and its constraint are shown in (12).

hSYSn = |in + iPCCn| < Ky,
wheren = 5,7,11, 13, ..., nypax (12)

In (12),ipccy is the n'! harmonic content at the PCC (with-
out applying active harmonic mitigation), while Agys;, is the
n'M harmonic content at the PCC (active harmonic mitigation
is applied). i, is the n'™ harmonic content of the HAHF, which
can be calculated using (4). The constraint (Kj,) is chosen
based on the maximum permissible harmonic level by the
application.

The objective is to minimise the individual harmonics to
achieve acceptable harmonics by the grid and reduce the
THDi. In order for the optimiser to evaluate the pulse’s set
of parameters, an objective function must be derived. Equa-
tion (13) illustrates the system’s objective function that needs
to be minimised. It consists of the summation of the indi-
vidual harmonic (hgys,) multiplied by a factor (WF',,), which
prioritises the significant harmonics.

Nmax

> WFuhsysn (13)
n=1,5,7,11,13,...

Fobj:

Particle Swarm Optimisation (PSO) is a stochastic Genetic
Algorithm (GA) that was first proposed in 1995 by Kennedy
and Eberhard. The basic idea of PSO is inspired by the swarm
intelligence of real-life creatures such as birds, fish, and ants.
The main advantages of PSO are the easy implementation,
fast convergence, and capability of escaping local optimum.
The swarm particles collaborate and share information to
achieve their goals in a fast manner. The number of particles
is identified by the designer. These particles search together
in the search space to find the best solution. Each member
of the swarm flying around the search space is identified by
its current position and velocity. They are capable of remem-
bering their best position. Each particle has its own velocity,
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FIGURE 8. The General Scheme of the PSO algorithm.

which identifies the direction of its next position. The value
of velocity is influenced by both the particle’s personal best
position and the global best position of all particles.

Figure 8 depicts the implementation of the PSO algorithm
in the Hybrid Active Harmonic Filter (HAHF) system. The
implementation follows the following steps:

1) READING DATA

The harmonics that need to be mitigated from the distribution
network are imported.

2) INITIATING THE OPTIMISATION POPULATION AND
PARAMETERS

The optimisation parameters are set, and the initial popu-
lation is produced using a uniformly random initialisation
technique.

3) APPLYING THE PSO ALGORITHM

The particles’ position and velocity are updated to reach the
optimum current waveform, which minimises the distribution
network’s harmonics.

4) CHECKING THE TERMINATION CONDITION

The number of iterations is checked; if the maximum number
of iterations (ite;,qy ) is reached, the algorithm will output the
optimum solution. On the other hand, step 3 will be repeated
if the maximum number of iterations is not reached.

In PSO, the population of the swarm (NP) is chosen by
the designer. For each particle (i), the position is first cho-
sen by the initialisation technique. The position of all par-
ticles is donated by a vector x; (t). Moreover, the particles
have a velocity represented by a vector v; (t) with the same
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TABLE 2. The details of the PSO algorithm’s operation.

Particle Swarm Optimization Algorithm

1. Start Procedure
Inputs:
c;: Cognitive coefficient
¢>: Social coefficient
NP: Population size
w: inertia weight
2. Initialise the whole swarm using the Random
initialisation technique and evaluate fitness

While (Ite < Itema)
Evaluate each particle f{x;)

For (i=1,i < NP, i++) Do

SR

Update particle velocity:

() =wxv(t — 1) +cy*ry * (pi —x;(t— 1)) +
cxry* (g = xi(t = 1))

7. Move to new position:
Xi@®) =X0-1+v(0
8. If (fixi) <f(p;)); then p; =x;
9. If (fix) <f(pgy)); thenp, =x;
10. Update (xi, vi);
11. End For
12. End While
13. Output: Best Solution

14. End Procedure

dimension as the position vector. The velocity vector iden-
tifies the direction and distance from the current position.
Particles collaborate and learn together to reach the optimum
solution.

As the particles move and explore the search space, they
memorise their personal best solution (p;) and share it with
the rest of the swarm. The best solution among all particles
is memorised as the global best (p,). All the particles update
their position and velocity in each iteration using the follow-
ing operations from A to C.

A. UPDATING THE PARTICLE’S LOCAL AND PERSONAL
BEST SOLUTION

The particle’s position is initialised using the initialisation
technique. Then, the fitness function of each position is evalu-
ated. This fitness value is initially saved as the personal best;
then, it will be compared with fitness values as the particle
moves. If the fitness value of the new position is better than
the personal best, the new fitness value will be assigned as
the personal best, while the old personal best will be deleted,
as illustrated in (14). This procedure will be repeated for all
particles. The personal bests of all particles will be compared,
and the one with the best fitness value will be assigned as the
global best, as illustrated in (15).

if f (X)) < Pbest;» then p; = x; (14)
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if f (xi) < 8best;» then g = x; (15)

B. UPDATING THE PARTICLE’S VELOCITY
The local and global best, along with other factors, are used
to identify the particle’s velocity, as shown in (16).

vi(t) =wxvi(t —1)+cpxr i —x (1 — 1))
+cp x 1y * (pg —xi(t — 1)) (16)

The coefficient (w) controls the influence of the previous
velocity on the current one, and it is called the inertia coef-
ficient. ¢; and ¢, are learning factors. They represent the
influence of personal and global best, respectively. Finally,
r; and r» are uniform random factors ranging from O to 1.

C. UPDATING THE PARTICLE’S POSITION
After the position is initiated and the velocity is calculated,
the new position is obtained, as shown in (17).

xi(1) = xi(t — 1) +vi(r) a7

The details and step-by-step operation of PSO are illustrated
in Table 2.

V. CONTROLLING OF THE HYBRID ACTIVE HARMONIC
FILTER (HAHF)

The boost converter (EI) is responsible for the harmonic can-
cellation, ensuring that a square-shaped dc current and reg-
ulated output voltage are attained. In order to achieve these
goals, a voltage control loop and a fast, reliable, current con-
trol loop need to be implemented.

Fig. 9 illustrates the control scheme implemented for the
boost converter (EI). In this controller, the desired output
voltage (V,*) is compared with the measured boosted volt-
age (V,), then processed by a Proportional-Integral (PI)
controller. The output of the PI controller is multiplied by a
modulated signal (M), which contains the optimised param-
eters (af, a1, 8, and Iy2) and synchronised with the grid
voltage (v4p). The multiplication results in a pulse-shaped
reference dc current (/7 ), which needs to be compared with
the measured dc current (/7). The output of this comparison
is sent to a hysteresis band to generate the required switching
signal (SW) for the boost converter’s switch.

The hysteresis current control loop in Fig. 9 is extremely
fast as compared to the voltage control loop; hence, its trans-
fer function can be neglected. On the other hand, the transfer
function of the voltage control loop is necessary to choose the
proportional and integral gain properly. The transfer function
is provided in (18).

vo(s) _ VscrS
() 2V,(1+ &)
The SCR’s firing angle (cr) and the boost (EI) switch’s
switching signal (SW) are the control parameters of the SCR-
El-based HAHF. The switching signal (SW) is controlled to

cancel harmonics and produce a square-shaped dc boost or
EI’s current, as illustrated in Fig. 10, while maintaining a

Gopenfluop = (18)
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FIGURE 9. The block diagram of the proposed shifted pulse modulation
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FIGURE 11. The three-phase input currents of the hybrid active harmonic
filter (SCR-EI).

regulated boosted output voltage. This current has a periodic
waveform with a period of 7/3 to ensure that all phases
have identical current waveforms. The width and amplitude
of this squared dc current are 6 and I, respectively. The
parameters of the dc square-shaped current (o, oy, §, and
14:2) are optimised by solving (13) using the programmed
optimisation algorithm (PSO).

Fig. 11 depicts the three-phase input current of the HAHF.
It is obvious that only two phases are simultaneously con-
ducted due to the effect of the three-phase SCR bridge recti-
fier. Implementing a Phase-Locked Loop (PLL) controller is
necessary to synchronise the pulse-shaped dc current, shown
in Fig. 10, with the grid voltage.

Moreover, selecting an appropriate inductor value is essen-
tial to ensure the operation is in Continuous Conduction
Mode (CCM), thus, generating the required square-shaped dc
current.

Vi. HARDWARE IMPLEMENTATION

The passive component and the controller parameters of the
proposed hybrid harmonic filter need to be designed; then,
a simulation model is implemented, followed by a hardware
implementation to validate the proposed technique.

Fig 12 illustrates the implemented prototype for the hybrid
active harmonic filter (HAHF) system, similar to the pro-
posed system in Fig. 3. An auto-transformer (Variac) is
utilised to reduce the grid voltage to 110V.
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The practical setup consists of two main parallel stages.
The first stage is the Single Drive System represented by a
conventional 3-phase Diode Rectifier (DR) with a passive
filter. The second stage is the Hybrid Active Harmonic Filter
(HAHF), which is the Silicon Controlled Rectifier (SCR)
integrated with a boost-based Electronic Inductor (EI).

The conventional DR with a passive filter is imple-
mented to represent the ASD distribution network.
A SEMIKRON-SKD 30 three-phase diode rectifier is
employed. The passive filter’s inductor and capacitor values
are 6 mH and 235 uF, respectively.

For the HAHF, an SK 70 DT three-phase SCR bridge is
employed, while a driver circuit, named FC36M, is employed
to drive the SCR bridge. The integrated boost-based EI
employed a SEMIKRON-SKM?75 Insulated-Gate Bipolar
Transistor (IGBT), inductor, and capacitor values of 2 mH
and 560 uF, respectively. The EI's IGBT is derived by a
SKYPER_32 R gate driver. Two 1kW resistive loads are
utilised for the DR and the SCR-EL

A PLL circuit utilised to synchronise the HAHF or
SCR-ETI’s pulse-shaped current with the grid voltage. The
control loops of the boost converter are implemented in a
Texas Instrument F28379D microcontroller.

Current and voltage probs are used for controlling and mea-
surement purposes. The current peak-to-peak ripple is 1.5 A,
the average inductor current is 3.5 A, the switching frequency
is 12 kHz, and the system’s rated power is 1 kW.

VII. RESULTS

The system with two units is implemented with a config-
uration as shown in Fig. 3. An ASD with a front-end DR
with a passive filter is considered as a case study of grid
harmonics, while an SRC-EI is proposed as a hybrid active
harmonic filter. The goal of this research is to minimise the
major harmonics (5, 7%, 11%, and 13™) produced by the first
unit (conventional DR).

A shifted pulse modulation method for the SCR-EI is pro-
posed to generate harmonics in the opposite phase of the ones
in the DR. To validate the proposed method, a simulation
model and a practical setup are implemented. The test param-
eters are shown in Table 3. The system is tested for two cases.

1) CASE 1T IS WHEN THE HAHF PRODUCES
AN UNMODULATED CURRENT (FLAT CURRENT
WAVEFORM).

2) CASE II IS WHEN THE HARMONIC FILTER
PRODUCES THE OPTIMAL PULSE-SHAPED CURRENT
(MODULATED).

A. SIMULATION RESULTS

A 1kW MATLAB/Simulink model is built. The parameters
of this model are illustrated in Table 3. The major harmonics
magnitudes and phase angles for the DR operating at full
power operation are shown in Table 1. The optimisation algo-
rithm (PSO) is employed to produce a current waveform that
has harmonics with opposite phase angles as the ones caused
by the front-end DR.

VOLUME 10, 2022
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FIGURE 12. The practical setup of DR and SCR-EI.

TABLE 3. The system’s parameters.

System parameters Symbol Value
Grid Voltage Vb, 110V

Grid Frequency fs 50 Hz
Passive filters Inductance La 6 mH
Passive filters Capacitance Cu 225 uF
SCR-EI’s dc-link Voltage Vo 320V
EI’s Inductance Ly 2 mH
Stray Resistor of Inductor R, 0.1Q
SCR-ET’s Capacitance C, 590 pF
Load Resistor R 160Q
Output power Po 800 W
Proportional, Integral gain K, Kp 0.1,5
Hysteresis band H, 0.75 A

The results of the PSO algorithm for the full power oper-
ation is depicted in Table 4. When the optimised param-
eters are applied in the simulation model, the current
THD significantly reduces.
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TABLE 4. The results of the PSO algorithm.

Pulse’s Pulse

Firin, . . Pulse’s
PSO results g ma
gnitude starting .
angle (ay) (Ls) point (@) shift (9)
Full power 38.008° -0.700 49.307° -19.307°
~ 5
=
=
s 0
g
S
-5 ‘
@
~ 37
=
=
3 0
—
=1
@) . |
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FIGURE 13. (a) The phase current drawn by a DR with the passive filter
operating at full power (b) The flat square-shaped phase current drawn

by the SCR-EI filter without modulation (c) The total phase current drawn
from the mains when the SCR-El filter is employed in parallel with DR.

Fig. 13 shows the phase current waveforms of case I. The
phase current of the DR operating at 100% load is depicted in
Fig. 13 (a). A flat phase current waveform (without harmonic
cancellation) drawn by the HAHF (SCR-E]) is illustrated in
Fig. 13 (b), while Fig. 13 (c) shows the total phase current
drawn from the mains when the SCR-EI is employed in par-
allel with front-end DR.

A comparison between the harmonics generated by the
waveform in Fig. 13 (a) and the waveform in Fig. 13 (c) is
demonstrated in Fig. 14. It is illustrated in Fig.14 that the
5th harmonic is reduced from 36.1% to 24.2%, while the
7th harmonic decreased from 26.5% to 17.5%. The 11th
harmonic is increased slightly, while the 13th has a slight
reduction.

Fig. 15 presents the phase current waveforms of Case II.
The phase current drawn from the grid when the DR is oper-
ating at full power is depicted in Fig. 15 (a). When the shape
of the SCR-EI’s current waveform is optimised, it draws
a current waveform, as illustrated in Fig. 15 (b). Hence,
the total current drawn from the mains has significantly
improved, as illustrated in Fig. 15 (c). The harmonic contents
of the waveforms in Fig. 15 (a) and Fig. 15 (c) are com-
pared in Fig. 16. The comparison illustrates that the 5, 7
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TABLE 5. Comparison of harmonics contents of the proposed method
with methods presented in [39].

. o THDi and Harmonics content of grid
Harmonics mitigation

method

current
THDi 5t 7% e 13
Conventional Units (Case I) 34.2 242 | 17.5 | 9.2 7.7
Method presented in [39] 36 32 1 9 8
Proposed Method 17 47 | 101 | 32 | 7.7

and 11" harmonics significantly reduce from 36.1%, 26.5%,
and 8.9% to 4.7%, 10.1%, and 3.2%, respectively. On the
other hand, the 13™ harmonic has a slight reduction from
8.4% to 7.7%.

Table 5 presents a detailed comparison of THD; and har-
monics contents for the proposed method with the methods
presented in the literature [39]. The method proposed in [39]
is based on employing the shifted pulse method on DR to
mitigate a specific harmonic from the grid.

In contrast, the proposed method is based on SCR to fur-
ther mitigate multi-grid harmonics and reduce the grid THD;.
Hence, Table 5 indicates that the proposed method has a
lower grid THD; with only 17% compared to 36% of the
method proposed in [39]. The proposed method is superior
to the method proposed in [39] in terms of the total harmonic
distortions and the fifth, eleventh, and thirteenth harmonics.
However, since the method proposed in [39] targets a specific
harmonic order, the seventh harmonics are lower than the one
in the proposed method.

Moreover, the results from the table show that the proposed
method significantly reduces the grid harmonics content and
THD; compared to the conventional system (case I). The
simulation results demonstrate that employing the proposed
HAHF reduces the THD; value significantly. In fact, employ-
ing the proposed SCR-El-based HAHF with an optimised
current waveform allows a wider range of current harmonics
to be mitigated as compared to the pre-existing DR-EI-based
harmonic filter [39].

The execting DR-EI-based filter reduces the THD; from
48% to 36%, whereas the proposed method (with HAHF)
reduces the THD; from 48% to 17%.

B. PRACTICAL VALIDATIONS
A 1kW prototype, consisting of a front-end DR with a passive
filter and parallel SCR-EI HAHF, has been implemented in
the laboratory to validate the proposed harmonic mitigation
method, as shown in Fig. 12.

The parameters of the prototype are shown in Table 3.
Similar to simulation results, two cases have been carried out
in the practical tests.

Fig. 17 (a) depicts the phase currents of the DR at full-
power operation (blue waveform), HAHF (green waveform),
and total main’s current (yellow waveform) in Case I, where
the HAHF generates a flat dc current (without harmonic
cancellation).
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FIGURE 14. Harmonic contents of the simulated DR and mains phase currents in Case I.
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FIGURE 15. (a) The phase current drawn by a DR with the passive filter
operating at full power (b) The optimised phase current drawn by the
SCR-EI filter to mitigate the harmonics generated by DR (c) The total

phase current drawn from the mains when the SCR-El filter is employed
in parallel with DR.

A comparison between the harmonics produced by
the front-end DR and the total harmonics when the
SCR-EI generates a flat-shaped current is demonstrated in
Fig. 18.

The results in Fig. 18 illustrate that the 5%, 7%, 11, and
13" harmonics have reduced from 40.6%, 22.7%, 8.7%, and
5.1% to 30.8%, 10.2%, 7.2%, and 4.3% when the SCR-EI
filter generates flat dc current. In addition, the total harmonics
(THD;) is decreased from 48.28% to 34.34%.

Fig. 13 and 17 (a) illustrate both the simulation and
practical results, respectively, when the HAHF produces an
unoptimized square shape waveform. The figures show the
current waveforms of the distribution network (represented
by the front-end DR), the HAHF, and the total current drawn
from the PCC. The simulation and practical waveforms,
in Fig. 13 and 17 (a), are analysed in both Fig. 14 and Fig. 18.
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The harmonic contents of the single ASD system in the
practical results have 4.5%, 3.8%, 0.2%, and 3.3% difference
in the 5%, 7% 111 and 13" harmonics, while the THD;
is 0.28% higher in the practical results as compared to the
simulation results. On the other hand, the harmonic contents
of the total current of the system have a difference of 6.6%,
7.3%, 2%, and 3.4% in the 5, 7", 11" and 13" harmonics,
while the THD; has a difference of 0.17% between simulation
and practical results.

In Fig. 17 (b), the phase current waveform of the DR at full
power is shown in blue colour. The waveform in green rep-
resents the optimised pulse-shaped current generated by the
HAHF using the parameters in Table 4. Finally, the system’s
total phase current is represented in yellow colour.

A comparison of harmonic contents generation between
the utilisation of conventional DR and employing a HAHF in
parallel with the DR is depicted in Fig. 19. Similar to the sim-
ulation results, the comparison in Fig. 19 demonstrates that
the utilisation of the HAHF results in a significant reduction
in the 5™ and 7™ harmonics from 40.6% and 22.7% to 4.5%
and 9.2%. The 11™ harmonic has a slight reduction from
8.7% to 5.2%, while the 13™ harmonic has a slight increase
from 5.1% to 5.4%. In addition, the total harmonics (THD;)
is reduced from 48.28% to 15.07%.

According to the harmonic analysis figures (Fig. 16 and
Fig. 19), the practical results validate the simulation results,
but the harmonic contents are slightly different. For instance,
the harmonic contents of the total current (After using HAHF)
have a difference of 0.2%, 0.9%, 2%, and 2.3% in the 5%,
7% 111, and 13" harmonics, and the THD; is 2% less in
the practical results as compared to the simulation results due
to several factors, such as lossy elements, stray parameters,
control design, and dynamic performance of the current, mea-
suring system, and noises.

To sum up, the proposed current harmonics mitigation
method is validated by both simulation and practical results.
Moreover, the proposed method results in superior perfor-
mance as compared to the literature [39]. The proposed fil-
ter has improved the THD;of the mains’ current from 48%
to 15%.

C. POWER RATING, COST, AND LOSSES CALCULATION
The system used to implement the proposed method is based
on two units rated at 800 W each. This was a prototype
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Harmonic Comparison: Case II - Simulation Results
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FIGURE 16. Harmonic contents of the simulated DR and mains phase currents in Case II.
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FIGURE 17. (a) The phase currents in the time domain for Case I, HAHF is generating flat dc current. (b) The phase currents in the time domain for Case II,
HAHF is generating a pulse-shaped current.

Harmonic Comparison: Case I - Practical Validations

60
8 40, 6 u Single drive system without HAHF (THDi = 48.28%)
5 40 m Single drive system with a flat HAHF current (THDi =34.34%)
§ 22 7
15) 8772
< 143437 2525 2521 0914 0412 0.508 0807 0707

7th 11th 13th 17th 19th 23rd 25th 29th 31st 35th 37th
Harmonic order

FIGURE 18. Harmonic contents of the practical DR and mains phase currents in Case I.

Harmonic Comparison: Case II - Practical Validations

60
g 406 m Single drive system without HAHF (THDi = 48.28%)
é 40 = Single drive system with an optimised HAHF current (THDi = 15.07%)
E 22.7
520 92 8.7 5 2 5154
o 45 434 2532 2528 09123 0419 0521 0814 0703
© 0 - B saes s e — — e

7th 11th 13th 17th 19th 23rd 25th 29th 31st 35th 37th

Harmonic order

FIGURE 19. Harmonic contents of the practical DR and mains phase currents in Case II.
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to validate the proposed method. However, the target of
this method is to be implemented on ASDs with a medium
power rating (16 -75 Amps), which complies with IEC
61000-3-12 [29]. The utilization of these types of drives
is common on commercial and industrial networks. Three-
phase SCR (or DR) with intermediate circuits are common
topologies used as a front-end due to their reliability, con-
trol simplicity, and cost-effectiveness. The cost of SCR-EI
compared to an active front-end is much lower due to the
reduction of active switches. The losses of the power con-
verter are mainly determined by the number of switches,
switching material, switching frequency, and power rating
of the converter. Therefore, the losses alter when the ASD
system operates at partial power. A comprehensive study
about EI losses has been discussed in [44]. The efficiency
of an SCR front-end topology with EI when it operates at full
power is 96%.

VIil. CONCLUSION

In this paper, a modified pulse-shaped current for a Hybrid
Active Harmonic Filter (HAHF) is proposed. The HAHF
is based on a Silicon-Controlled Rectifier (SCR) with an
integrated Electronic Inductor (EI). The dc current of the
boost-based EI is controlled to generate a pulse-shaped cur-
rent and minimise the grid’s harmonics. The parameters of the
pulse-shaped current (magnitude, width, and starting point)
are optimised using Particle Swarm Optimisation (PSO) algo-
rithm to mitigate harmonic from the grid. The proposed tech-
nique has the capability to control the harmonics at the PCC.
In addition, it significantly reduces the current Total Har-
monic Distortion (THD;) generated at the PCC. An electrical
distribution network with Single Drive System is selected as
a case study. The validity of the proposed technique is proved
by a MATLAB/Simulink model and a 1 kW practical setup.
The system is tested in two cases; the first case is when the
HAHF draws a simple square waveform, while case two is
when the HAHF draws an optimised pulse-shaped current.
The HAHF reduced the electrical grid’s 5%, 7, 11™, and
13" harmonic contents from 36.1%, 26.5%, 8.9%, and 8.4
to 4.7%, 10.1%, 3.2%, and 7.7%, respectively. In addition,
the THD; is reduced from 48% to 17.03%. The results prove
that the proposed method significantly improves the power
quality of the electrical distribution network. The proposed
harmonic mitigation technique is suitable for commercial and
industrial distribution networks.
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