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1. INTRODUCTION

The world energy outlook 2016 report stated that “Renewable make very large strides in coming
decades but their gains remain largely confined to electricity generation,” said Dr. Birol. “The next frontier
for the renewable story is to expand their use in industrial, building and transportation sectors where
enormous potential for growth exists” [1]. RES [Renewable Energy Sources] has been characterized as clean
sustainable energy, capable to cater the demand of the electrical power, and can be easily delivered to remote
sites. Regarding the merits of RES , the European renewable energy council stated that the share of RES in
2010 was 16.6% and it is estimated to enhance upto 50% by 2040 [2]. In Distributed Generation units and
Micro Grid’s , the grid tied inverters are necessary interfaces to interconnect RESs and energy storage
devices to micro grid [3],[4].

Many grid connected inverters are there in the literature, among all current controlled voltage source
inverters are fundamental integrators to connect solar PV systems, fuel cells to the grid [5]. Hysteresis control
technique is known to be fast and robust but has unwanted harmonics due to the continuous change in
switching frequency [6]. PI controller has fewer harmonics when exactly tuned, but gives destitute dynamic
performance. Moreover it depend upon the knowledge of the system to function well [6]. From the last
twenty years many investigators seek to find a current controller that can give the advantages of both control
techniques [7-10].

This paper describes the method of fixed band hysteresis current controller to parallel connected
inverters applicable to distributed generation systems through simulation.The current control voltage source
inverters are the fundamental integrators to connect any renewable energy sources to the grid, to enhance the
generating capacity consistent option is parallel connected inverters. In this paper two DC sources PV, FC
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systems are considered as energy sources for two parallel inverters , in parallel connected systems there is no
need of voltage control. Current control is sufficient to maintain the system effectively, Many current control
schemes PI, ramp time, hysteresis control techniques are there in literature.

In order to get better AC power quality and high performance of the converters, it is preferable to
directly control the magnitude and phase angle of three phase supply currents. Among the control techniques,
the hysteresis current control has got much attention due to several advantages such as the simplicity of its
implementation, its independence to changes in parameters of load power supply and ability on current
limiting and fast current control response [11].

Hysteresis current controller is one of the most important PWM switching methods to produce

reference currents [12]. On the other hand conventional hysteresis method includes some undesirable results,
such as variable switching frequency that causes audio noises, high switching losses and injection of high
frequency current components to the source current that makes it difficult to design suitable filters to remove
these high frequency harmonics. In [12] [13] applied the fixed and adaptive hysteresis current controllers in
active power filters. In [14] implemented the hysteresis current control technigque to eliminate the harmonics
and hence improved the power quality of micro grid system . In [15] a PV inverter with PI current controller
is used to maintain constant voltage and to reduce harmonics . [16] shows the results of the PV,FC based
grid connected system with PI, ramp time current controller methods. Identified the fixed band hysteresis
current control technique is not applied to the parallel connected PV, FC feeded inverters, to avoid the
limitations of conventional hysteresis current controller a fixed band hysteresis current controller with
instantaneous PQ power theory is implemented for parallel connected inverters to reduce the harmonic
components of current waveform and hence circulating currents of parallel inverters also get minimized.
This paper evaluates the performance of nonlinear current controller i.e fixed band hysteresis current
controller with instantaneous p-q power theory. When compare with linear current controllers nonlinear
current controller not require the information about the load and gives good dynamic response to the
considered system. In this scheme, hysteresis bands for all phases are fixed throughout the fundamental
period and the value of bandwidth is generally 5 to 10% of the adopted system current. Figure 1 shows the
overall circuit diagram of the designed system.
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Figure 1. Over all circuit diagram of considered system

2. FIXED BAND HYSTERESIS CURRENT CONTROLLER
le =I- Iref 1)

The error of every phase current is controlled by two level fixed band hysteresis current controllers,
but to trigger the three phases logic is needed due to the coupling of three phases. Whenever Current error
vector ‘Ie’ touches the edge of the hysteresis band, the switch logic has to choose next most optimal
switching state with respect to the following [17].

1) The current difference ‘Ie’ should be moved back towards the middle of the hysteresis band as slowly as
possible to achieve low switching frequency.
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2) If the tip of the current error ‘Ie’ is outside the band, it should be returned to the hysteresis band as fast as
possible.

dl
di 1
a—t[ b —€] 3)

Vde

Figure 3. Load presentation
Figure 2. Timing diagram of fixed band hysteresis current
controller

From equation (1) the current error deviation is
dle _dl diref

L L LA (4)
dt dt dt

dle 1 diref

oV —e—— 5
dt L[ e el dt ©

Assume \ref =e + L% (6)
dle 1

2= _ 7

Reference [18] explains why the decisive voltage for the current control is sum of the inner voltage
and voltage across the inductance of load.From figure .1 the current waveform has been divided into two
sections namely, positive half cycle (t,-t;) and negative half cycle (t,-t;) in one switching period.Here
hysteresis band current controller is used to determine the time for turn on and turn off to get the required
switching period in positive and negative cycles.In this paper Hysteresis controller scheme is used to predict
the value of reference currents for each phase.

Figure 4. equivalent circuit of inverter when the Figure 5. equivalent circuit of inverter when the
switches are turned-on switches are turned —off

For figure 4 the loop equation can be written as
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dl
Vioe — L(Ejm —e=0 8
[ﬂ) _ Voc —e ©)
dt J,, L
For Figure 5 the loop equation can be written as
dl
Ve -l = | -e=0 (10)
oe L(dtJoﬁ
Equation (10) can be written as
(dlj _—Vocte (11)
dt oy L

Where Vpc is the DC link voltage, e is the instantaneous grid voltage and L is the output inductance.
Here in this paper to predict the value of reference current an assumption is made that reference current
changes linearly over one switching cycle.

2.1 Turn off criteria
At t;, the inductor current and the reference current can be expressed as

I (tl) = (ﬂ) *t+ on T I(tO) (12)
dt ), "
I” is the reference current.
()=t +1°(0) 13
da *
From equations (12)& (13)
. di* (dl .
0100t S-S |16 9
In Figure .2 at to, | *(to) = I(to) In the positive section (to-t,), the instantaneous slope of 1" is given by
dir _[dit ] ()= 1) (15)
dt | dt | t, on
At t,, the inductor current and reference current are expressed as
I(tz):(ﬂj *t+ off + I(tl) (16)
dt off ’
“t,)=39" : 17
I (tZ):i*tJroff +1 (tl) n
dat ~
From equations (16) & (17)
. di* (di .
I (tl)_ I(tl):t+,off |:dt _(dtlﬁ:I+ I (tz)_ I(tz) (18)
Infigure 2 at to 1"(t)=I(t,)
_1M)-1) (19)

L]

By solving the equations (12) to (15)
-1
AN 1 :| (20)

o :{L(l(tl))—l*(tl) ton
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The turn off time is estimated using the equation (20) with instantaneous feedback signals. The turn-
off criterion is the time of I —I ~ in positive cycle that is equal to half the switching cycle as shown in
Figure 2.

£, o+ on >% and 1 —1">0 (21)

Where “ T’ is the switching period.
Based on equations (19) and (20), the controller can determine the turn-off action at the most suitable time.

2.2 Turn-On Criteria:
In the negative section (t,-t,), the instantaneous slope I is given by

dF_(de +I*(t3)—l(t3) (22)

dt  (dt

t—,off
Based on the slope t. o, is predicted as

poo V)-16) (23)

(dl) (dr
dt/,, dt
By using equations (11)&(12)
t :[ 2VDC _L]—l
(1)~ 1)) o

From equation (25) the turn-on time is estimated with instantaneous feedback signals. The turn on
criteria is the time of -1 in negative cycle and is equal to half switching cycle as shown in Figure 2.

(24)

Thusig 4t >- and |—17<0 (25)

N —

Based on equations (24) & (25) the controller can be designed.The switching function for phase A is
derived from the above turn-on and turn-off criteria, for other two phases B and C reference currents for
those phases has to consider to solve the switching function.

3. INSTANTANEOUS P-Q POWER THEORY

The regular reference current evocation theory is the instantaneous p-q power theory in three phase
circuits. Real and reactive power theory considers the three phase system as a unit not as a superposition or
sum of three single phase circuits. Clark’s transformation technique is used to convert three phase voltages
and currents from a-b-c co-ordinates to a-f-0 co-ordinates. In other words this Clarks transformation converts
natural three phase coordinate system into a stationary two phase reference frame.
Assume a three phase load with the instantaneous voltages as V(t)=[Va(t) Vy(t) Vvc(t)]' and the instantaneous
currents 1(t)=[1.(t) 1o(t) 1()]'. By using Clarks transformation:

10 1 (27)
Mv, } INFEENG NGB SV
-1 -1
V, | = \/i 1 > - Vi
LV, o 3 —V3|v
2 2
e (28)
(g JZ2 2 N~ 1
— 2 1 ;1 ;1 1
“ |7 V3 2 2 °
LV o V3 —3 Ll
2 2
|0, | o | p are the zero sequence current, o axis current, [ axis current.
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This Clarks transformation is used to analyze the healthy and weak portion ,according to the output
PWM pulse is generated and fed to the inverter section because of this the DC is again converted to three
phase AC more pulse is profuced in weak portion phase and hence more power is injected towards the
transmission lines through the transformer and hence power factor compensation is obtained.

Consider zero sequence current is equal to zero, thus instantaneous p & g can be calculated as:

{p(t)}{ v, (0 v, (t)}{la(t)} (29)
qt)] [-v,®0 v.(®) 1,0
P(t) and q(t) can be separate into average parts and oscillating parts, from literature it is well known

that the average real power can produce from fundamental harmonics of the load current positive sequence

component .
Accordingly in order to compensate harmonics and instantaneous reactive power reference currents can
extracted as:

) _[va(t) vﬂ(t)r[— 5(0} (30)
|/;(t) B _V/f(t) v, (t) —q(t)
11 17" (31)
2 2 12
[bo o 'c*(t)F:\E 1 %1 %l b 1o 1,0]
o Y3 -3
2 2

4.  SIMULATION RESULTS AND ANALYSIS

PV cell, Fuel cells are the two DC voltage sources used as DG units in this system, to change these
two DG’s output voltage to the desired inverter input voltage and smooth the two DG’s output current need
is there to adopt a DC/DC boost converter. Each 35kw rated PV, Fuel cells are adopted for this study, the
PV, Fuel cell output voltage is 400 volts , boost up to 700 volts using DC/DC converter, Here the controller
for the converter is used to regulate the DC bus voltage with in a desirable range. The output voltage of the
DC/DC boost converter is fed to DC/AC inverter. Through the point of common coupling the inverter is
connected to the grid, two RL loads are connected at the point of common coupling. The inverter is always
maintains the output voltage according to the reference value and at the same time inner current control loop
is used to avoid the circulating currents of both the parallel inverters.

Figure 6 shows the DC bus voltage of the PV cell. Maximum power point tracker is continuously
tracing the optimal voltage from 0 secs to 0.1 secs, finds the optimal voltage at 0.1 secsdue to the slow
tracing speed. Figure. 7 shows the DC bus voltage of fuel cell, with in 0.03 secs th fuel cell able to set the
optimal voltage.

Figure 8 shows the load voltages and currents of two different RL loads, 20 kw real, 0.5 kvar reactive load
is there from 0 sec to 0.5 sec to check the performance of the controller at variable load condition suddenly
another load is added from 0.2 sec to 0.3sec but the control technique shows better performance and is able
to follow the load quickly and after switch off the load it may come back with a short span of time.

Phase locked loop is not used to compute the reference current, even though the phase locked loop is not used
the designed system is able to track the reference current.

Figure 9 shows the load current in amps at 0.2 sec the current consumed by the load is increased due
to addition of another load with a slight distortion the considered technique may able to compensate the load
it may observe in the waveform from 0.2sec to 0.3sec the current supplied to the load is increased to 90
amps.

Current Controller Based Power Management Strategy for Interfacing DG Units ... (N.Chaitanya)
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Figure 13. THD of inverter output current

Figure 10 shows the harmonic distortions of the load current for the first 20 cycles i.e from Osec’s to
0.4sec’s is 1.32% which is very less value. Figure 11 and Figure 12 shows inverterl and inverter2 output
current in amps because the two sources are having the same capacity so the current supplied by both the
sources are same and both inverters are connected in parallel so there is no need of voltage controller
automatically for the parallel coneected system the voltage will become same. Figure.13 shows the total
harmonic distortion of inverter output current for the first 20cycles period the harmonic distortion is very

less i.e 0.91%.
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Figure 19.Real and reactive power consumed by load

Figure 14 shows the output current of both the inverters in amps.Figure 15 and Figure 16 show the
output voltage of both the inverters in volts. Figure 17 shows the current supplied to the grid in amps to test
the stability and tracking capability of the considered controller the load is increased from 0.2 secs to 0.3sec
during that time the current supplied to the grid is reduced instantly. Figure 18 shows the THD of current
supplied to the grid for the first 15 cycles is 0.34%. Figure 19 shows the real and reactive powers consumed

by the load.

5. CONCLUSION

From literature it is observed there is a scope to apply both linear and nonlinear current control
methods for parallel connected DG based inverters. This paper evaluates the performance of nonlinear
current control method i.e fixed band hysteresis current control method without PLL for the parallel
connected DG based system. The conclusions that can be drawn from this paper are:
1. Anovel PV, FC based parallel connected system interfaced to grid is proposed.
2. Fixed band hysteresis current control with PQ power theory is proposed for the parallel conncetd systems.
3. To test the stability and tracking capability while determining the reference current a variable load

condition is applied and observed the

results.

4. Due to the incorporation of L filter at the inverters output side higher order harmonic current contents
has been eliminated as a result circulating currents of both the inverters get controlled.
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5. Total harmonic distortion at load current is 1.32%, at inverter output current is 0.91%, at current supplied
to the grid is 0.34% after the condition of variable load, at the time of load varying the THD in current
supplied to the grid is 1.48%.

The effectiveness of the proposed controller has been demonstrated through the results and the
results shows that the proposed controller is suitable for parallel connected DG based systems.

REFERENCES

[1] International energy agency, Word energy outlook 2016 , published 16" November 2016.

[2] European Renewable Energy Council (EREC), Renewable Energy Scenario to 2040, Half of the global energy
supply from renewable in 2040.

[3] Blaabjerg F, Zhe C, Kiaer SB.Power electronics as efficient interface in dispersed power generation systems. IEEE
Transactions on power electronics. 2004; 19(5): 1184-94.

[4] ©OJ Petinrin, M Shaaban, "Overcoming Challenges of Renewable Energy on Future Smart Grid," TELKOMNIKA
Telecommunication, Computing, Electronics and Control, vol. 10, no. 2, pp. 229-234, 2012.

[5] JP Pinto, R Pregitzer, LFC Monteiro and JL Afonson. 3-Phase 4 wire shunt active power filter with renewable
energy interface. IEEE Conf. on Renewable Energy & Power Quality. Seville, Spain, 2007.

[6] S BusoandP Mattavelli. Digital Control in Power Electronics. Morgan &Claypool. 2006;1.

[71 L Malesani, P Mattavelli and P Tomasin. High-performance hysteresis modulation technique for active filters.
IEEE Transactions on Power Electronics.1997; 12 :876-884.

[8] CT Pan, YS Huang and TL Jong. A constant hysteresis-band current controller with fixed switching frequency.
IEEE International symposium on Industrial Electronics. ISIE 2002,3: 1021-1024.

[9] AW Kriegar and JC Salmon. Hysteresis based current control at fixed frequecny, with a resonating integrator to
eliminate the steady state error. Canadian conference on electrical and computer engineering.2005:512-516.

[10] J Rodriguez, J Pontt, CA Silva, P Correa, P Lezana, P Cortes and U Ammann. predictive current control of a
voltage source inverter. IEEE Transactions on industrial electronics.2007;54:495-503.

[11] A Bouafia, F Krim. A fuzzy logic based controller for three phase PWM rectifier with unity power factor operation.
ESR Groups, Journal of Elecrical Systems. 2008; 4(1): 36-50.

[12] Hani Vahedi, Abdolreza Sheikholeslami, Mohammad Tavakoli Bina and Mahmood Vahedi. Review and
Simulation of Fixed and Adaptive Hysteresis Current Control Considering Switching Losses and High Frequency
Harmonics. Advances in power electronics. 2011; 11: 1-6.

[13] Seyed Mehdi Abedi and Hani Vahedib.Simplified Calculation of Adaptive Hysteresis current control to be used in
active power filter. Trends in Applied Sciences Research. 2013; 8(1): 46-54.

[14] M Tamil Selvi,D Gunapriya. A power quality improvemnet for micro grid inverter operated in grid connected and
grid disconnected modes. Bulletin of Electrical Engineering and Informatics. 2014; 3(2): 113-118.

[15] DVN Ananth, GV Nagesh Kumar.Design of solar PV cell based inverter for unbalanced and distorted industrial
loads. Indonesian Journal of Electrical Engineering And Informatics. 2015; 3(2): 70-77.

[16] N Chaitanya, Dr K Chandra Sekhar, Dr K S R Anjaneyulu. Current controller based power management strategy of
grid connected parallel inverters for distributed generation applications. Automatic control and system engineering.
2016; 16(1): 38-44.

[17] Bouzid Allal,Guerrero Josep M ,Cheriti Ahmed, Bouhamida Mohamed, Sicard Pierre, Benghanem Mustapha . A
Survey on Control of Electric Power Distributed Generation Systems for Microgrid Applications. Renewable &
Sustainable Energy Reviews. 2015: 1-25.

[18] A Ackva, H Reinold, R Olesinski .A simple and self adapting high performance current scheme for three phase
voltage source inverter. PECS Toledo 1992.

IJECE Vol. 7, No. 5, October 2017 : 2300 — 2308



