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to interface microsource with loads. This paper presents the analysis of the proportional
resonant (PR) controller along with a selective harmonic compensator (SHC) for a stand-
alone distributed generation inverter. Furthermore, a new improved triple-action controller
(TAC) design is proposed and implemented. The proposed TAC consists of a conventional

Keywords:

Power quality (PQ) PR along with SHC, in addition to, a feed-forward current controller to achieve seamless
Distributed energy resources (DER) sinusoidal voltage. This mitigate not only the total harmonic distortion (THD) but also indi-
Proportional resonant (PR) vidual harmonics to a level below the stated in IEEE/IEC standards. Moreover, optimize the
Selective harmonic compensator (SHC) TAC parameters to ensure its best performance. A comparative study of harmonic effects
Total harmonic distortion (THD) for various load-types are introduced. The voltage regulation and THD mitigation improved

the power factor and efficiency, hence, it improved the PQ of the system.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Energy consumption has been dramatically increased due to industrialization outgrowth and the increased utilization of
the domestic machine appliances. To satisfy this continuously increasing power demand, the world is seeking for renewable
resources as alternatives to the conventional sources. Renewable power generating capacity reached its largest annual in-
crease ever in 2017, by an added 178 GW (Giga-watts), with a total increase of 9% compared to 2016. Total renewable power
installed is approximately 2,195 GW, sufficient to supply an approximately 26.5% of global electricity demand [1]. Renewable
power resources like: wind, solar, wave, and tidal often form distributed generation (DG) in microgrid via power electronic
system, these microgrids may be either connected to the grid; named grid connected mode or isolated; named islanded
mode [2].

Distributed energy resources (DER) provide several advantages as they are secure and reliable against sudden faults.
In addition, they reduce the cost of long transmission lines and offer high efficiency of energy supply. However, many
challenges arise when integrating different technology-based DERs because of their different characteristics. One of the major
challenges in DG system is the power quality (PQ) issue. The term PQ is referring to maintain nearly sinusoidal waveforms
of voltages and currents at nominal amplitude and frequency [3].
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Harmonics, as a major PQ issue in power system, have significant negative impacts like conductor overheating, eddy cur-
rent and hysteresis losses increase which lead to overheating in both transformers and motors. Furthermore, they increase
the zero sequence current, increase neutral current, trip of circuit breakers, telecommunication interference, inaccurate sen-
sors measurements, equipment malfunction and equipment lifetime reduction [4]. On the other hand, THD and power factor
are closely related, therefore, codes and standard regulations like IEEE and IEC standards [5] placed the constraints on the
voltage and current harmonics produced by harmonic sources like the nonlinear loads. They aim to obtain the accepted real
power factor, which is represented by the displacement power factor, as well as, the distortion power factor [6].

As a result, many researchers have been interested in improving PQ, especially in microgrid system. Active power filters
are generally used to improve power quality [7]. They compensate the harmonics and voltage unbalance by injecting the
negative-sequence components and harmonic voltages. However, active filters cannot be installed for each microgrid as they
become uneconomical. On the other hand, many types of passive filters are playing an important role in the microgrid to
reduce the ripples injected into the microgrid. However, the passive filters have many disadvantages, such as mistuning,
large size, instability, resonance with utility and load impedances [8,9]. The control of voltage source inverter (VSI) may
involve classical linear regulators and modern control methods such as deadbeat and predictive control methods [10]. Guer-
rero and his colleagues proposed improvement of PQ for microgrid [11], which represents the voltage reference tracking and
harmonic mitigation. Their control strategy is based on improving droop, secondary and virtual impedance with additional
conventional proportional resonant (PR) controller for inner loops.

Since the use of proportional-integral (PI) controllers to follow the non-dc signals is challenging, PR compensators are
most adequate to control voltages and currents in stationary frame of reference. The PR controller introduces gain at the
fundamental frequency and produces almost zero gains at other frequencies [12]. The PR controller has a superior perfor-
mance over the PI controller; it is simulated in a stationary reference frame, hence, there is no need for reference frame
transformations. As a result, the response is faster with high computational efficiency [13,14], and that is because there is
no calculations of rotational reference frame which is adopted by PI controller.

The control strategy using PR controller is discussed in [15], the author did proof that the performance of the PR con-
troller is better than the performance of the PI controller for the steady state error and THD mitigation. The simulation
results showed that the THD for the PI controller is 4.82%, while it was 2.73% for PR controller, in case of resistive load.
In [16], the author proposed a four-leg inverter-based three-phase UPS to improve the performance of the output voltage
control for both linear and nonlinear loads. The author adopted a control structure of proportional plus resonant filter bank
and the gain parameters are tuned based on trial and error method. At linear load, the value of voltage THD was 0.7% while,
at nonlinear load, the value of voltage THD was 1.8%. In [17], authors proposed a control scheme to achieve the voltage
regulation and harmonic mitigation based on the non-sinusoidal PWM technique along with a PI controller. The proposed
technique did improve the THD for linear load to a value of 2.8%, compared to a 7% for nonlinear load. In [18], the author
applied PR controller to a microgrid-connected VSI, the overall strategy represented by droop, secondary, synchronization
and hierarchical control. The inner loop controllers have a good performance, the value of voltage THD was 1.44% when
suppling nonlinear load.

In [10], the authors proposed sinusoidal PWM with a deadbeat based PI controller using a heuristic tuning method for
computing the PI coefficients. They aim to track the desired voltage in addition to the voltage THD minimization. The ob-
tained simulation results were 1.53% and 2.78% for the value of voltage THD when purely resistive load and resistive plus
inductive load respectively. The PQ issue was addressed in [19], where the PQ was defined as a pure sinusoidal waveforms
from the source to consumer. This research proposed a control of a doubly fed induction generator using a combined non-
linear technique with a space vector algorithm. The authors aim to avoid system parameter variations that lead to a power
ripple reduction and mitigation of THD based on a three-level inverter by applying sliding mode controller. The THD of the
stator current is 2.98%, which guarantee a PQ improvement.

In this paper, the control strategy proposes PQ improvement using an optimized-parameters triple-action controller (TAC).
The proposed TAC consists of three controllers the PR to ensure high fundamental frequency gain, selective harmonic com-
pensator (SHC) for harmonics elimination and a current-assisted feed-forward controller to ensure minimum harmonics
with faster response. Since there are so many parameters to adjust for each controller (PR, SHC and feed-forward con-
trollers), trial and error methods will be inappropriate and time consuming. Many optimization algorithms may be utilized
in this situation like Genetic Algorithm, Bee Algorithm, Ant Colony, Whale Optimization, White Shark Algorithm and Particle
Swarm Optimization (PSO). The metaheuristic PSO is more robust and much simpler to implement. It has few adjustable
parameters, faster convergence and shorter computation time [20,21]. PSO can generate an optimal solution within a short
calculation time and more stable than other stochastic methods [22]. PSO was preferred to optimize the parameters’ values
taking into consideration the regulation of VSI output voltage and THD mitigation while not exceeding the allowable values
of standard limitations.

This paper is organized as follows: Section 1 presents the motivations, incitement and literature review. Section 2 ad-
dresses the proportional resonant controller and the selective harmonic compensator modelling. Section 3 presents the new
proposed TAC controller, PSO algorithm, and the implementation of the PSO to evaluate TAC parameters. Section 4 shows
the obtained results and explains the advantages of the proposed methodology. Section 5 concludes the main paper contri-
butions.
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2. Proportional resonant controller and selective harmonic compensator

Inverters voltage and current loops are controller using the PR controller. These inner loops include proportional gain
plus the transfer function (TF) term corresponds to the fundamental frequency. Other terms have been added selectively as
a TF at each corresponding harmonic (i.e. 5, 7t and 11" harmonics), at which harmonics compensation are required as

shown in Fig. 1.
The ideal PR controller Gpg(s) is represented by:

S
Gpr(s) =Kp+ Ki—=—— 1
Pr(S) =Kp +Kig o (1)
where, K, is the proportional gain, K; is the integral gain and w, is the fundamental frequency. The TF of an ideal PR
controller is expressed as in Eq. (1) with an infinite gain which can cause stability problems. To avoid infinite gain issues,

the PR controller could be made non-ideal by adding a damping term as expressed in Eq. (2), where, w, is the cut-off
frequency around the resonant frequency w, [14].
K;
GrS)=Kp+ ———— 2
PR( ) P 52+2(,0CS+C()§ ( )
The harmonic compensator Gsyc(s) is represented by:
Kps
. (3)

Gshe(s) =
,,En $2 + 2(hwe)s + (hwo)?

where, K, is the gain at the harmonic order h, and hwy is the harmonic frequency. The required harmonic compensator for
each harmonic frequency could be added to the PR controller fundamental frequency TF to form the complete controller.

The TF VVCf(z) could be represented by:
re,

VeS) Gu(S)Gi(S)Grw (5) @
Vres (S) ~ ICS + CSGi(S)Gowm S) + Gu(S)Gi(S) Grum (5) + 1

|

,' n IAAAS
' T

' AAA

[ Loa Cc__ b Tca Laa

| v, MM, . _

|

I
I' vdc LOb Lab
}‘ — V, —1 ML —— __ 3R
|
I
I
:I vc —

y

|

H ?
Iy

Iy

|

‘_ M

r .
: current PR+SHC controller > To Load/Grid
|

|

L3 kS Three phase

generator

3524 2hw SHhwo? 352 2hw SHhwof
h5,711,. hes, 711,

FF controller
(aB)

Fig. 1. Block diagram of voltage and current control loops of a three-phase VSIL
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Where
Gy(S) = Gpry (S) + Gsnev(S)
Ky
Gpry(S) = K -
PRy (S) pv+ 21 2005 + @2
Ki,S

Gsuev(S) =
! ,,En S2 + 2(hwe)S + (hwo)?

Similarly,

Gi(s) = Gpri(S) + Gsnci(s)

Kj;
Gpri(s) = Kpj + ————
pRi (S) pi + 1 205 1 02
Khis
GSHC'(S) =
l h=§7:,11 s2 + 2(hoe)s + (ho,)’
1
Grw($) = 757575

where, Ts is the sample time.

3. The proposed triple-action controller

In this section, a new composite TAC is proposed as shown Fig. 2. This controller is composed of the conventional PR
controller with an added SHC, furthermore, a new feed forward current-assisted controller has been added to improve
the system reliability and the PQ of the overall system. The feed forward controller parameters are initially selected by
trial and error for preliminary testing. Hence, PSO algorithm has been adopted for the selection of TAC parameters (twelve
parameters). These parameters are PR current and voltage controller parameters, as well as, the gains of 5%, 7th and 11th
harmonics (Kpv, Krv, Kunsz11, Kpro Kito Kins,7.11, Ka, Kg) to guarantee THD and voltage error minimization.

3.1. Particle swarm optimization

Kennedy and Eberhart proposed the PSO algorithm in 1995 [20]. It was stimulated by social behaviour of bird group or
fishes, where a population of random initial, as in other population-based intelligent system. The population is formed by
particles, where each particle a possible solution of the problem. The next position of each particle is governed by Eq. (5),
that depends on the last position plus an updated velocity. Each particle in the swarm is treated as a valueless particle in
global dimensional of search space, and it tracks its coordinates in the space associated with the best solution for becoming
(weighing value) [20,21]. This value is called pbest. The overall best value in the group was tracked by an optimizer gbest.
The PSO concept involves the velocity change for each particle in the swarm toward its pbest and gbest locations at each
time step. For example, the jt" particle is represented as Xj = (X1, Xj,2, - - -Xj,g) In the g-dimensional space. The best position
of the jt" particle is represented as pbest; = (pbest;,;, pbest;,,, . . ., pbest;,¢) and recorded. The index of best particle between
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Fig. 2. Overall system block diagram illustrating the triple-action controller.
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all particles in the global group is represented by the gbest; according to Eq. (6).

t+1 _ t t+1
X =X v (5)
1 _ t Y | _t
Vi =wil, + cug (pbest],g xjyg) + Colly (gbestg xjyg) (6)
Where

n number of particles in a group;

M number of member in a particle;

t pointer of iterations;

u;f; velocity of particle j at iteration t, v;,”"” < vj._ g = g
w inertia weight factor;

1, C; acceleration constant;

Uy, Uy random number between 0 and 1;

x(¥;, Current position of particle j at iteration t;

pbest; pbest of particle j;

Gbest gbest of the group

Generally, the weight of inertia (w) is set according to Eq. (7) below. Suitable selection of this weight provides a balance
amongst global and local explorations, thus, requiring less iteration on the average for finding a sufficiently optimal solution
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Fig. 4. Simulation results of the system three-phase voltage based on conventional controller. (a) Load curve. (b) Three-phase output voltage. (c) Reference
and phase-a output. (d) Error between reference and phase-a output.

[20].
W= Wmax - Wmin[
Imax

where gy is the maximum number of iterations and I is the current number of iterations.

3.2. Particle swarm optimized triple-action controller implementation

A flow chart for PSO algorithm is illustrated in Fig. 3. The use of PSO aims to obtain best parameters for the proposed
TAC (twelve parameters). The proposed TAC controller offers minimum THD under varying load conditions. In this research
work, a fitness function F expressed in Eq. (8), has been suggested for the PSO algorithm in order to get the optimum values
for all controller parameters.

In all DER using VSI in a microgrid system, all the renewable micro sources, as well as, VSIs must be controlled to provide
the required load demand keeping both voltage and frequency within the allowed limits. The voltage deviation is acceptable
if it is less than + 5% in amplitude, while the frequency deviation is acceptable if it is within + 1.5% according to the
standardization [23]. According to the proposed control strategy, VSI must be controlled efficiently. The target is to feed the
load with the allowable predefined values of voltage and frequency. Moreover, their deviations should be small enough to
allow for both of droop, secondary and synchronization loops to operate effectively. Therefore, the proposed multi-objective
function should consider not only the error, but also the rate at which this error changes, moreover, the mean of this square
error for both o and B coordinates. Furthermore, the fitness function should consider the harmonic measurements and
feedforward error at the overall simulation time to satisfy minimum settling time, overshoot, undershoot, steady state error
and THD, under different load condition.

n
F=THD yA + (e +eg) [t + (Aeq + Aeg)v + ) (e +e3) (8)
i=1

Where:

THD , THD of inverter output voltage

ey Voltage error in « coordinate

eg Voltage error in B coordinate

Ae, Voltage error rate in o coordinate

Aeg Voltage error rate in 8 coordinate

A, nand v Scaling factors reflects the priority of each term in fitness function F
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Fig. 5. Simulation results of the system three-phase current based on conventional controller. (a) Three-phase output current. (b) Zooming for nonlinear
load. (c) Zooming for nonlinear plus linear load. (d) Zooming for linear load.

The PSO algorithm starts to carry out the first iteration to evaluate the voltage error and maximum THD. Hence, it repeats
that process until the maximum number of iterations is reached. PSO algorithm selects the best parameters in range, at the
end of the optimization process.

4. Simulation results and discussions

In this section, the PQ improvement of a microgrid-employed VSI to mitigate the exhibited THD and regulate the output
voltage under various load conditions will be presented. In this case study, a 2.2KW, VSI voltage source inverter is consid-
ered, the system parameters are listed in Table 1. The configuration of the overall system is illustrated in the block diagram
in Fig. 2, the PWM-VSI is loaded by linear and nonlinear load combination at different time instants during system opera-
tion. Initially the nonlinear load, as a source of harmonic generation, is connected during the time O to 1 s, hence, a linear
load is connected along with the nonlinear load upon reaching 1.5 s then the nonlinear load is disconnected while the linear
load is kept connected upon reaching 2 s of simulation time.

Fig. 4 illustrates the system response based on conventional double action controller (PR and SHC) for both voltage
and current loops under different loading conditions. Fig. 4a shows the loading curve for both nonlinear and linear load
combination stated above. Fig. 4b shows the dynamic response of output three-phase voltages, while Fig. 4c is magnified
for phase voltage (V,). We note that existing harmonic effect at the dynamic and steady state response on the VSI output.
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Fig. 6. Simulation result of the system three-phase voltage based on the proposed TAC. (a) Load curve. (b) Three-phase voltage output. (c) Reference and
phase-a output. (d) Error between reference and phase-a output.

Table 1

Control System Parameters.
Parameter Symbol Value
Nominal output voltage Vier 311V
Nominal output frequency  F 50 Hz
Switching frequency fs 10KHz
DC voltage Ve 650 V
Filter inductance Liter 1.8 mH
Filter capacitance Chitter 25 pF
load Ry 300 Q
Inductor of bridge filter Lprigge 84 pH
Capacitor of bridge filter Chridge 235 pF
Voltage-PR controller Kpv, Krvy Kons,z,11 0.5, 346, 5, 27, 12

Current-PR controller Kot Kty Kins,z,11 0.9, 80, 24, 30, 32
Feed-forward gain o, Kq, Kg 58.7, 7.5
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Fig. 7. Simulation result of the system three-phase current based on proposed TAC. (a) Three-phase current output. (b) Zooming for nonlinear load. (c)
Zooming for nonlinear plus linear load. (d) Zooming for linear load.

The error value between the desired peak voltage and VSI output of V, is 12 V at nonlinear loaded and 7 V at linear loaded
as shown Fig. 4d.

Fig. 5 illustrates the loading effect on the three-phase currents. Fig. 5a illustrates the three-phase current waveforms
with the effect of nonlinear/linear loading at the time instants 0, 1 and 1.5 s., respectively. Fig. 5b, c and d presents zoom
of current waveforms for different loads. Due to existence of nonlinear loads from 0 to 1.5 s, note that the amplitude of
three-phase currents are not equal leads to unbalance in electrical system and then increase in the zero-sequence current
so increase the neutral current. In existence of high loads, the load current is increased leads to increase of neutral current.
Increase of neutral current cause efficiency decreasing, produces damages and reduces the equipment lifetime.

After adding the new proposed feedforward current controllers, system simulation has been performed at arbitrary se-
lected parameters for the new feedforward controllers to ensure that better results are obtained. Furthermore, PSO is used
to select the optimum parameters values for the new current controllers. It has been noted that in Fig. 6, the proposed TAC
was able to minimize the amplitude of voltage error of V, and compensate the THD for dynamic and steady state response
as shown Fig. 6¢c. The maximum amplitude voltage error between the desired voltage and VSI output does not exceed 3 V
(means 2 V rms) as Fig. 6d.

After THD, compensation, the three-phase current amplitude are almost equal. So, the neutral current is very small and
therefore higher efficiency is obtained that in turn reduce damages and increase equipment lifetime as shown Fig. 7b and c.

Comparing results for conventional versus the new proposed TAC, it can be noticed that the dynamic response of the
inverter output voltage (V,) using new proposed TAC is 8 times faster than the conventional controller. The error in voltage
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Fig. 10. Comparative graph between conventional PR controller and TAC at various loads. (a) Individual harmonic for nonlinear load. (b) Individual har-
monic for nonlinear plus linear load. (c¢) Individual harmonic for linear load.

Table 2

Individual harmonic analysis (in percentage) for conventional and TAC at various loads.
Harmonic order Linear Nonlinear Linear + Nonlinear

PR NEW_FF PR NEW_FF PR NEW_FF

3rd 0.02 0.02 0.03 0.02 0.03 0.02
5th 0.14 0.02 0.98 0.04 0.94 0.03
7th 0.09 0.00 0.85 0.04 0.75 0.04
gth 0.04 0.00 0.02 0.00 0.06 0.00
11th 0.12 0.01 0.61 0.05 0.68 0.05
13t 1.08 0.00 1.49 0.04 1.27 0.04
15th 0.23 0.00 0.2 0.00 0.28 0.00
17t 2.03 0.01 2.1 0.04 2.06 0.03
19t 0.21 0.00 0.49 0.03 0.79 0.03
21t 0.33 0.00 0.04 0.00 0.3 0.00

Vg, with TAC, is reduced to one-half at starting and even to one-third at the steady state of the values recorded for the
conventional controller regardless to the type of load. Currents are smoother with less THD in case of the new proposed
TAC compared to the conventional controller.

THD and individual harmonics is shown in Figs. 8 and 9. The conventional controller analysis is shown in Fig. 8 to present
the THD for 10 cycles of output voltage. The IEEE recommendations “IEEE Std 1547™-2003 (R2008)” for individual harmonic
order h < 111 is 4% and 11™ < h < 17th is 2% and 17t < h <23t is 1.5%. While, the limit of total harmonic order is 5%.

Results of all THD and individual harmonic orders considering both conventional and new proposed TAC under various
load condition is expressed in Table 2. It can be noted that the individual harmonic order 11" < h < 17t is out of IEEE Std.
limits with nonlinear load. THD results with conventional controller are 2.3% and 2.23% for nonlinear loads and linear plus
nonlinear loads respectively. On the other hand, the new proposed TAC results are reduced to 0.09% for the same load.

For the harmonic order 17t < h <23t the proposed controller THD could be neglected for linear loads. While the value
of THD can be 0.07% instead of 2.63% for the conventional controller driving nonlinear load. Moreover, THD value can be
as low as 0.06% for linear plus nonlinear loads compared to the value of 3.15% for the conventional controller. All results
are summarized in Fig. 10 that show the enhancements after adding the optimized feedforward controllers for all loading
scenarios.
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5. Conclusion

Since voltage source inverters are used to interface loads in any distributed generation system; for that reason, re-
searchers paid lots of attention to achieve seamless sinusoidal output voltage. This paper introduced a procedure to design
and optimize a triple-action controller using particle swarm technique to ensure almost pure sinusoidal output voltage with
minimum harmonic contents. Since the conventional controller alone is like a bandpass filter that might introduce distortion
to the output voltage, the proportional resonant controller, supported by the selective harmonic compensator, performed
better with a total harmonic distortion within the IEEE-standard limits. Although that double-action controller exhibited
individual harmonics order 11t < h < 17t out of IEEE Std. limits during the existence nonlinear loads. It exhibited a total
harmonic distortion of 2.3% and 2.23% for nonlinear and linear plus nonlinear loads respectively. The triple-action controller
proposed was able to regulate the inverter output voltage within the IEEE-standard limits under sudden change of the load
types. The obtained total harmonic distortion is, as low as, 0.09% for the same loads. The harmonic orders 17th < h < 23th,
the harmonic distortion could be neglected for linear loads when using the proposed controller. For nonlinear loads, the
value of total harmonic distortion reaches 0.07% instead of 2.63% for the conventional controller, while the value is 0.06%
for linear plus nonlinear loads compared to the value of 3.15% for the conventional controller. These results proved that the
proposed controller could increase the reliability, enhance the power factor and efficiency, hence, improve the power quality
of the systems relying on renewable sources under various load conditions. This contribution made the grid connected in-
verter compliant to the standard regulations, hence it can be extended for microgrids utilizing renewable energy resources
using voltage source inverters.
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