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Abstract: In high power medium voltage applications, the utilization of 5-H
Bridge Multi-Level Inverter (MLI) has grown vastly in recent years. The 5-H
Bridge MLI can effectively control link voltage as well as power factor. However,
the inverter imparts harmonics owing to the high switching frequency. Hence
Inductance Capacitance Inductance (LCL) filter is implemented at its output to
mitigate harmonics in presence of non-linear load. It’s of highly important to
choose LCL parameters wisely in order to attain good filtering effect. This work
investigates the application of 5-H Bridge MLI with LCL filter at the output for
efficient integration of renewable energy sources on to the grid. A modified fuzzy
heuristic approach is used to solve LCL power filter optimization problem at out-
put of 5-H Bridge Multi-Level Inverter. Subject to the constraint’s harmonic dis-
tortion and losses of the inverter, multi objective optimization problem is solved
to obtain LCL filter optimal values. The optimized LCL filter design was applied
to a grid connected cascaded H-bridge MLI of rating 4.5 MW, 11 kV. MATLAB-
Simulink is utilized for modelling and simulating the system. The results showed
that the system is more efficient and generic. dSSPACE Hardware in Loop (HIL)
test system was used to verify the efficacy of the prototype system.

Keywords: 5-H bridge MLI; LCL filter; renewable energy; power quality; fuzzy
heuristic algorithm; genetic algorithm

1 Introduction

The world energy demand keeps increasing whereas the availability of conventional sources is on down
trend. Apart from that, the increased carbon emissions from conventional energy sources results in
greenhouse effect and global climate change. Thus, there is global shift towards renewable energy sources
due to its wide abundance and zero carbon emissions. Solar PV and wind energy systems are the major
contributors. The currently installed capacities of solar and wind energy are 580.1 and 622.7 GW out of
2563.8 GW total renewable energy capacity globally. Other than ever increasing global power demand,
shift towards electric vehicles to reduce greenhouse effect plays a key role in increased deployment of
solar and wind energy systems in future [1]. Electronic converters facilitate the interconnection renewable
energy source on to the grid. The intermittent nature of renewable energy sources and the electronic
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converters brings harmonics and power quality issues to the system. In order to maintain the system stability,
it is highly essential to maintain the system harmonics within a standard limit as mentioned in IEEE-519.
This in turn mandates effective designing of output filter and inverter for optimal grid connection of
renewable energy sources [2].

Multilevel inverters produce staircase type output which is nearly sinusoidal, and the output is better
than a conventional two-step version. Multilevel inverter offers several merits over the two-level inverter
such as it can produce high output voltage at lower switching frequency, low voltage stress, Minimum
Electromagnetic Inference (EMI), low Total Harmonic Distortion (THD) and reduced filter size [3]. 5-H
Bridge Multi-Level Inverter (5-H BMI) can handle real as well as reactive power control. With proper
regulation of DC link voltage, it can supply energy to the grid. Hence Voltage source based Multi-level
inverter can be applied for effective renewable energy integration to the grid in high power-medium
voltage applications.

In order to choose the best filter topology for the given application, factors such as weight, efficiency and
volume are considered. The first order topology i.e., L-filter is applied generally in high frequency switching
applications. But it has low ability towards harmonic mitigation and bulk in size. The second order LC filter
whose damping ability is quite comparable to that of L filter and hence better performance. Yet high
inductance requirement in case of cut off frequency achievement, problem of resonance with grid
impedance and possibility of capacitor exposure to harmonics from line voltage makes this topology
unsuitable.

The third order LCL filter which doesn’t have any of the above stated issues associated with the other
two topologies is preferred for high power medium voltage applications [4,5]. Power harmonics is the most
serious problem in case of grid interconnection as they lead to heating, overloading, life reduction, insulator
ageing and etc. Harmonics affect both the consumer and utility. Increased interconnection of non-linear loads
and power electronic converters induces harmonics on to the system. Increased penetration of renewable
energy increases power electronic converter deployment thus resulting on additional harmonic generation
within the grid system.

Passive power filters (PPFs) possess advantages over active power filter (APFs) such as maintenance
free, simple operation, low cost and simpler structure. Hence this work investigates design of PPF (LCL
filter) at the end of 5-H BMI for optimal integration of renewable energy. Also, control strategy for
controlling real power and reactive power output of the inverter is described. This relives power quality
and instability issues in case of distributed systems [6,7]. In [8] genetic algorithm was used to optimize
fuzzy controller in Un-interrupted power supply applications. 5-H Bridge Multi-Level Inverter with LCL
filter was used [9] to regulate the grid current. Discusses the thermal effects and size consideration in
LCL filter design for aerospace applications [10,11] presents optimal design techniques in LCL filter design.

Conventional PPF design methodologies with prerequisite of expertise in engineering and system details
may not result in optimal results. Hence this work proposes a simple optimization model using improved
fuzzy — genetic algorithm [12] approach to design LCL filter at the output of 5-H BMI for effective
integration of renewable energy system on to the grid.

2 System Description

The basic system integrating renewable energy source PV system to the grid through 5-H Bridge Multi-
Level Inverter with LCL filter at end is depicted in Fig. 1. The current work emphases on design and
implementation of LCL filter at the end of 5-H BMI for harmonic mitigation and effective integration of
renewable energy system on to the grid. Fuzzy heuristic approach is used in this filter system design.
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Figure 1: System integration

The LCL filter attenuation rate is 60 dB/decade when the frequency is above resonant frequency, hence it
can be operated satisfactorily with low switching frequency. The filter also features low current ripple for grid
inductor and better decoupling from grid impedance. Hence LCL filter pertains to be the suitable choice for
the renewable energy integration to the grid.

3 LCL Filter Design

The filter can attenuate current ripples regardless of low inductance values but it can also bring unstable
states and resonance to the system. Henceforth, the filter design must be specific to the application converter
specification.

Numerous factors like switching ripple attenuation, size of filter and current ripple influence the
designing of LCL filter. The line to line RMS voltage of inverter output (V7), ¥, inverter phase voltage,
P, is the rated active power, V. is the DC link voltage, C; is the base capacitance, Z;, is the base
impedance, w, is the natural frequency, f;,, is the switching frequency, f, is the grid frequency and f. is
the resonant frequency. The filter values are represented in terms of percentage of base values.

V2
Zb:S_: (1)
Cp= @)
b _Zb X Wy

L; Inverter side inductance can limit ripple in output current, it’s around 10 percentage of nominal
voltage. This is the first step in filter design calculation and is given in Eq. (3).

Upc
Li—— —P¢ 3
! 16fs X AL,MQX ( )
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where A7, is the percentage ripple in output current and it is represent in Eq. (4). The capacitor of the filter
is designed adhering to the fact that the power factor variation in the grid should be less than or equal to 5%.
The value of capacitance is obtained from base capacitance as shown in Eq. (5). The calculation of grid side
inductance L, is shown as in Eq. (6).

C; = 0.05C, ®)
Lg =rxUnL (6)
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Cut-off frequency of the filter is an important factor and it has to be chosen perfectly. The cut off
frequency must be selected in such a way that the filter has enough capacity to attenuate in converter’s
switching frequency range. On the other hand, there must be enough distance from grid frequency. The
formula to calculate cut-off frequency of LCL filter is given below:

1 L+ L
2n \| Li X Lg x Cy

where L; represents inverter side inductance, L, stands for grid side inductance and Cr is the filter
capacitor. A damping resistor has to be added to the LCL filter in order to curtail oscillations. The value
of damping resistor which is to be connected in series-to-series capacitor is shown in Eq. (8).
1

- 3 Cf Wyes

Ry )]

Active damping is followed to reduce the heat losses in the system. The circuit diagram and transfer
function block diagram of LCL filter are depicted in Fig. 2.
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Figure 2: (a) LCL filter topology, (b) transfer function block diagram of LCL filter

The transfer function representing the LCL filter with damping resistor connected in series to the
capacitor is depicted in Eq. (9).
1+ Cf Sde

ig(s)
Gls) = &2 — 9
) =36 T LLGS + (Li + Lg)RuaCrS? + (Li+ Lg)S ©)

4 Optimization Based LCL Design

The conventional way of LCL filter design requires engineering expertise and too many details of the
system for design procedure and may not assure optimal solution. Hence in this work improved fuzzy-
Genetic Algorithm based optimization approach was proposed to attain an optimal solution subject to the
design constraints. A seven-level multilevel converter was taken for the study.

4.1 Problem Statement

L; -Inverter side inductor, L, -grid side inductor, Cy -filter capacitor and Ry, -series damping resistor are
the parameters to be optimized using optimization approach subject to the design constraints. The multi-
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objective function considered here is of minimization type. The main problem in power quality maintenance
is harmonic reduction. Therefore, the foremost objective of the optimization problem must be to maintain the
harmonic level in the system within IEEE standard.

Objective 1: To minimize the total harmonic distortion of the output voltage THD oy .

fi = minimize THD oy (10)

00 v 2
THDoy = Z<V1> 1)

n—1

th

where V,, = n”* harmonic output voltage component,

V1 = fundamental output voltage component,

Objective 2: to minimize the cost of energy losses,
ﬁ = minimize. energy_Loss_cost) (12)

In case of multilevel inverters, the main losses are associated with the power switching devices. The
types of losses can be classified as gate losses, conduction losses, off-state losses and switching losses.
But in actual practice losses associated with gate and off-state are negligible. Therefore, only conduction
and switching losses are considered here. And for filter design, total energy losses of each switch is
calculated accurately. The losses that occur in a semiconductor device during its on-state is called as the
conduction losses.

4.2 Conduction Power

The conduction power associated with an IGBT switch can be directly obtained by multiplying on-state
current and on-state voltage. The on-state voltage is a quadratic equation in terms of on-state current and
depending on the device data sheet obtained separately for IGBT and the anti-parallel diode. Switching
losses occurs in a semiconductor switch with power dissipation associated during turning on and off of
the device. The switching loss is associated with switching frequency and substantially increases the
inverter’s total losses with higher switching frequencies. The switching losses are further categorised into
two effects, one is IGBT (i.e., losses that occur while turn on and turn off) and another one is anti-
parallel diode (i.e., losses occur while turn on and turn off). But owing to the fast conduction in forward
biased condition of anti-parallel diode, the losses associated with its turn on is normally neglected.

P conduction = Lconduction X Von (13)
[Eon (Ica 7}) +E0}7'(]C’ 7})} Vdc

va = — -Fvw- A 14

’ 1000 Vic_nominat ( )

E,, (IC, 7}) and E,z (IC, 7}) are functions that represent energy for turn-on and turn-off respectively. /. is
the switching current, 7} is the junction temperature and A is adjustment factor.

5 Functional Constraints of Optimization

Constraints should be added to the LCL filter design to guarantee good operation of power system.
Hence several constraints like current and voltage distortion at the point of common coupling (PCC), size
of filter capacitor, ripple current of inductor, size of filter inductance and filter’s resonant frequency are
depicted as below:
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5.1 Total Harmonic Distortion Limit

The voltage and current harmonic distortion limits are to be maintained as per the IEEE-1547 and IEEE-
519 standards. IEEE-519 gives us the recommendations for voltage harmonic distortion at the PCC. For
voltages up to 69 kV the THD must not exceed 5% with voltage distortion up to 3%. IEEE-1547 gives us
the recommendations for current harmonic distortion up to voltage limit of 69 kV and harmonic order less
than 11, the THD must be less than 5%.

5.2 Filter Inductance

Ripple current from inverter side inductance must be restricted below 30% of rated current. Hence high
impedance values are utilized for LCL design. But high impedance in filter inductor will drop more voltage.
Therefore, the filter’s total inductance is bounded to 0.15 p.u.

v, V,
Sy P " —
\/ 6ﬁwlmax_rtpple \/ 6f;w Imin_ripple

IN

(15)

5.3 Filter Capacitance
In order to limit power factor variation below 5%, the filter capacitance (Cr) is chosen to be equal to or
less than 5% of base capacitance (Cp). The value of Cj is given by Eq. (16).

Cr <0.05Cp (16)

5.4 Filter Resonant Frequency

In order to avoid resonance with grid, the frequency of the filter has to be kept much greater than grid
frequency. On the other hand, to enhance attenuation of harmonics generated by inverter, the resonant
frequency has to be chosen at-least 50 percent less than inverter switching frequency. This is to avoid
system destabilization and amplification of system harmonics.

10fy < fres < 0.05f5, (17)

Thus, the value of resonant frequency value is chosen in the range of 500 and 2500 Hz [13,14]. The
optimized design values and the system parameters are represented in Tab. 1.

Table 1: System parameters

Parameter Value Parameter Value
Je 50 Hz Ly 2.5 mH
Vpe 2kV L; 1.6 mH
Vg 11 kV Ry 3.98
P, 4.5 MW Ip 262 A
Jow 7.5 kHz Zg 25 Q
PF 0.9 Lp 80 mH
Proteq 1 kW Cp 130

G 7 uF
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5.5 Improved Fuzzy-GA Optimization Based LCL Filter Design

Fuzzy controller is used along with genetic algorithm optimization in LCL filter design. In
genetic algorithm-based optimization during evolution the fuzzy logic controller is applied to
optimize the bounding intervals in order to attain optimum result in the following step. The Fig. 3
depicts the improved fuzzy-GA optimization flowchart and Fig. 4 represents self-tuning fuzzy

controller [15,16].
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Figure 3: Improved fuzzy-GA optimization

Given the initial population and boundary condition, general genetic algorithm process [ 17] gets started.
During the evolution every variable is monitored and the boundary levels [18,19] are modified by the fuzzy
controller for each variable. The new bounding interval was then utilized to improvise the end result by
repeating the optimization. New random population is initialized based on the new bound. During the
genetic algorithm first run knowledge base is constructed. Correction factor A4, is determined after the
analysing the first result and the design parameter for bounding interval is updated as per the Egs. (18)
and (19).

Xmin = Xave — Ax/z(xmax - xmin) (1 8)
Xmax = Xave T Ax/2 (xmax - xmin) (19)

where x,,. gives the average value of all individuals of design variable from last generation whereas x,,;,
and x,,,, gives the limit of bounding interval. The variable A, is attained from the knowledge of error
obtained in first run of GA based optimization as well as from parameter variation knowledge of each
and every variable from last 25 generations. C, is designated as a counter for parameter variation with
range of 0 to 25. C, is set to begin with 0 and whenever there is a variable change it is incremented by 1.
Hence C, counter acts as an indicator for number of time variable change occurred in the whole
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generation. The value of the indicator if small indicates the optimum result is reached whereas if large
indicates necessity to adjust the bounding interval and the flow chart for optimization process is in Fig. 5.
The process is constrained by accuracy of output irrespective of the number of runs. Fuzzy logic defers to
be the best choice in implementing the above reasoning.

Rule Base
v
. _ Ae A eN
A + G r T De A Au T
i L Control rule - SNIA u
. e Fuzzification — determination fuzzification Y
R eN A +
R G \ 4
i 'y X A -1
Z
y Data Base
=gl . @
Fuzzification || Galn. rulc.% De-
determination fuzzification
A
Rule Base
y
< Process <

Figure 4: Fuzzy logic controller

The parameters of GA optimization are given in Tab. 2. The Fig. 6 represents the performance of GA in
design optimization of LCL filter. The error, change in error and output fuzzy membership functions utilized
in this work are represented in Fig. 7.

This fuzzy logic controller is more effective due to self-tunning capability which delivers fast
response. It consists of a couple of input and an output. The set of 49 rules used in the fuzzy system is
presented in Tab. 3. It has seven fuzzy sets (NB, NC, NM, ZE, PM, PC, PB) for both input and output
membership functions. Due to simplicity, this controller implements the triangular membership function
and also implements centroid method for defuzzification. Where NB is Negative Bulky, NC is Negative
Central, NM is Negative Minor, ZE is Zero, PM is Positive Minor, PC is Positive Central and PB is
Positive Bulky.
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Figure 5: Flow chart for optimization process
Table 2: GA optimization parameters
Population size 100
Mutation rate 0.6
Cross over rate 075

Stopping criteria 100 stall generation
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Figure 7: Fuzzy membership functions for (a) error, (b) change in error and (c) output
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Table 3: Fuzzy rule base

e(k)ce(k) NB NC NM ZE PM PC PB
NB NB NB NB NB NC NM ZE
NC NB NB NB NC NM ZE PM
NM NB NB NC NM ZE PM PM
ZE NB NC NM ZE ZE PC PC
PM NC NM ZE PM PM PB PB
PC NM ZE PM PC PC PB PB
PB ZE PM PM PC PB PB PB

6 Simulation Results

The simulation of the system is done in MATLAB Simulink. Phase- Disposition based Sinusoidal Pulse
Width Modulation is used to control the inverter. Fuzzy- GA based optimization was applied for LCL filter
design in order to integrate renewable energy optimally. The objective function is optimized to ensure
reduction of power losses and THD. The optimized LCL filter integration at the output of the inverter has
improved the output phase and line voltage outputs. The Figs. 8 and 9 represents the output phase
voltage and line voltage before filter implementation. It is evident from the figure that there is so much of
distortion in the output. The Figs. 10 and 11 represent the output phase and line voltage after filter
implementation. After filter implementation it is observed that the harmonics are reduced to a greater
extent and is sinusoidal. The Figs. 12 and 13 depict the total harmonic distortion in the output voltage
before and after implementation of LCL filter. The harmonic distortion of the output voltage was reduced
greatly from 6.49 % to 1.94 %. Once the optimized LCL filter was introduced the individual harmonics
of the output voltage was reduced below 1% apart from the 3™ harmonics which was under 2%. The
reduction in the harmonic level is due to the elimination of triplen harmonics. The performance of the
designed filter in series connection at high frequencies is superior over the performance of damping
resistor less LCL filter. Yet, the performance of both cases tends to be almost the same at low
frequencies. Proper selection of series damping at resonant frequency results in enhanced peak
suppression. The transfer function of the optimized LCL filter with damping resistor is given by Eq. (20).
Fig. 14 gives bode plot diagram of the system with and without damping resistor. It is noted from the
bode plot that before implementing the filter the gain margin is zero (i.e., there is no cross over
frequency) and hence the system is marginally stable. But after implementing the filter the gain margin is
positive and is about 13 dB. Similarly, the phase margin is also positive. Positive gain margin and phase
margin implies that the system under consideration is stable.

Gls) = ig(s) 1+27.8x107%

= = 20
vi(s) 4 x 10753 + 114 x 107252 +4 x 107 %s (20)

The total harmonic distortion capability of the Fuzzy-GA optimized LCL filter is compared to that of
LCL filter design in as shown in below Tab. 4. The results show that the THD capability of the optimized
filter is far better than of the improvised LCL filter.
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Figure 8: Three phase output voltage before filter implementation (line-ground)
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Figure 9: Three phase output voltage before filter implementation (line-line)
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Figure 10: Output phase voltage after implementing optimized LCL filter
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Figure 11: Output phase voltage after implementing optimized LCL filter
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Figure 14: Bode plot of the system with and without damping resistor
Table 4: Comparison of THD value
Proposed work Zhou et al. Elyaalaoui et al. Xu et al.
THD 1.94% 2.76% 2.6% 3.3%

7 Hardware Results

dSPACE hardware-in-the-loop based prototyping is used to realize the 5-H Bridge Multi-Level Inverter
[20-22] system with optimized filter which allows us to have better comparison between simulation and
hardware results. The modules in the setup include a dSPACE 1104 type real-time hardware, relay
circuits, PV Emulator, Semikron inverter, voltage and current sensor for feedback purpose, LCL filter and
a PC which consists of control software which has the capability to run MATLAB simulation of the
given system. A three-phase diode bridge rectifier with a DC load of 300 W is used in order to test the
performance of the system with non-linear load.

Figs. 15 and 16 shows the output phase voltage and line current measured at load end points
respectively. From these figures, it is evident that the output voltage and current are almost virtuously
sinusoidal. The direct axis component ¥, and quadrature axis component V, are extracted from the three-
phase grid voltage. The error in case of V, is around zero as shown in Fig. 17 whereas the there is a
small error owing to grid voltage distortion in case of ¥, component as shown in Fig. 18. The THD of
the system is measured using a power quality analyser of type Fluke 43B. Figs. 19a and 19b show the
signal power obtained for measurement and THD of the system correspondingly and the comparison of
THD value is shown in Tab. 5. The THD of the system is 0.23% and the power factor is unity.
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POWER 19 HARMONICS

Figure 19: (a) Phase power signal and (b) THD

Table 5: Comparison of THD value

Proposed work Tang et al.

THD 0.23% 4.27%

8 Conclusion

In order to supply the fast-mounting global power demand, renewable energy integration on to grid is
increasing hastily. Solar PV and wind turbine farms highly expected to dictate the future smart grid.
Integration of renewable energy technologies on to the grid is through power electronic controllers such
as rectifier and inverter which tend to impose harmonics on the system. This affects the quality of power
at both consumer and utility side. There are numerous solutions widely available in the literature but the
passive filters remain the most economical and are extensively utilized in industrial applications. LCL
passive filter optimization results in effective integration of renewable energy sources on to the grid and
also ensures harmonic levels well below recommended standards. This work is targeted to deliver an
optimized yet generic design of LCL filter at the output of 5-H Bridge Multi-Level Inverter in-spite of the
constraints. THD and power losses are minimized appropriately using a multi-objective function-based
error minimization technique. The optimization thus formed resulted in an effective reduction of
harmonics and power losses in the system. The output power quality of the system under consideration
was improved significantly. The same was verified using a laboratory prototype using a dSPACE HIL
system.
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