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ABSTRACT

This paper dealt the implementation of a Leaky-Momentum Control Algorithm (LMA) for controlling a voltage
source converter (VSC) to enhance the power quality of a three-phase self-excited induction generator (SEIG) used
in a distributed generating system. This LMA technique operates the VSC to regulate voltage and frequency of SEIG
within a permissible limit. The LMA control is implemented to reduce the higher demand of reactive power, harmonics
distortions and balancing of loads under different operating conditions. During the electrical and mechanical dynamical
conditions, the LMA technique is maintaining a constant voltage and frequency at point of common coupling (PCC).
The proposed technique is a modified control technique of basic Leaky and Momentum Algorithms. This control has
removed the drawbacks of Leaky and momentum algorithms. Moreover, it is observed that LMA performs better
when there are uncertainties in input conditions. The whole system comprising SEIG, nonlinear load, voltage source
converter and battery storage system is made in MATLAB /SIMULINK. It has shown promising performance under
both dynamical state and steady state of the system.

Keywords: Leaky - momentum algorithm; Point of common coupling; Power quality; Self-excited induction
generator and total harmonic distortions.

INTRODUCTION

The problem of global warming, occurred due to exorbitant use of fossil fuels, can be reduced by distributed green
and clean energy (Jha, 2011). The solar, tidal, wind, biomass, etc. can be used for generation of electricity to bring
down the effect of global warming (Simoes, et al., 2008). The energy generated from the said non-conventional sources
can be used for reduction of burden on the grid (Stiebler, 2008). Consequently, it is easy to regulate the frequency
and voltage of a complicated power system. Due to some technological advancement in the wind technology, the
electrical power generation is possible at electronic cost (Borbely, et al., 2001.). The use of SEIG has increased in
wind energy generation because of its operation at different speeds. Therefore, wind energy can be generated at small
scale using low cost small SEIG. The poor voltage regulation and need for reactive power support are the two major
drawbacks of an induction generator. An electronic load compensator (ELC) have been developed to manage constant
voltage at a fixed frequency even with variation in consumer loads (Singh, et al., 2006). Another problem with SEIG
is that it draws the non-sinusoidal current from generator terminals and causes distortion of terminal voltage under
nonlinear loading conditions. A modified current synchronous method with STATCOM is used for control of voltage
in a SEIG-based standalone generating system (Singh, et al., 2015). A dynamic electronic load controller (DELC) is
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developed and designed to maintain constant voltage and frequency of a three-phase SEIG in paper (Chilipi, et al.,
2014). It consists of VSC which provides variable reactive power under varying load conditions, and hence controls
the terminal voltage. The frequency of generator is managed at constant value by dumping excess consumer load in a
variable speed AC Drive connected at the DC link of converter. Two VSC of almost same rating of SEIG is required
which complex and costly arrangement. Three-phase SEIG in combination with STATCOM is able to feed nonlinear
loads up to its rated voltage capacity is discussed in (Singh, et al., 2006). By using DSTATCOM as a compensator,
sliding mode controller along with proportional and integral controller is used for control of voltage and power
quality issues of a three-phase SEIG both linear and non-linear loads conditions (Shekhar, et al., 2016). A combination
of both ELC and STATCOM which is called as Decoupled Voltage and Frequency controller (DVFC) is used to
control the power. Therefore, frequency the system is managed within range. The DVFC independently controls both
frequency and voltage at the generator terminal is described in (Kasal, et al., 2008). An execution of DSTATCOM in
a distributed power generating system with an SEIG is explained in the literature (Arya, et al., 2014). In this paper, a
composite observer-based control algorithm is used for the extraction of fundamental components. A VSC controlled
by implementing Lorentzian norm based adaptive filter (LAF) for power quality enhancement of SEIG in a star-
connected three phase wind based distributed power generating system is described in paper (Giri, et al., 2018). LAF
also neutralizes the effects of wind impulses on frequency and voltage of generator. The Least mean fourth algorithms
is used for the DSTATCOM control for solving power quality issues in the grid-connected solar photovoltaic system
is reported in literature (Agarwal, et al., 2017). But the acceleration problem of the convergence process is a major
problem. The analysis and basics of momentum least square algorithm (MLMS) is given in the paper (Sharma, et
al., 1998). The MLMS converges faster because of scaling factor. In paper (Giri, et al., 2018), Variable Learning and
Gradient-based Least Mean Square (VLLMS) algorithm is implemented for control of VSC in a distributed generation.
There is no effects of step size, gradient and sensor-noise on convergence performance of VLLMS algorithm due to its
insensitivity to these parameters. But in LMS convergence performance is influenced by step-size parameters. A novel
Leaky-least logarithmic absolute difference (LLLAD)-based control algorithm is experimentally implemented in a PV
based system in paper (Kumar, et al., 2019). This technique enhanced the power quality. MLMS employs additional
term called momentum Factor (Giri, et al., 2019). This factor of the control enhances the converging rate. The active
and reactive power control technique for SEIG working in standalone mode is given in (Neto, et al., 2020). In nano-
grid operations in standalone mode supervisory control seems good options (Kaviri, et al., 2021). However, due to
slow response in randomly changing environment, its effectiveness is less. By using field programmable gate array
for peak power point operation, a closed loop control technique has been developed and implemented in (Arthishri, et
al., 2019). In the three phase four wire system presented in (Chauhan, et al., 2019), a generalized impedance controller
is used for power control. There are few applications found which are using simple, robust, accurate and fast in
dynamics adaptive control techniques but these control applications are either dependent on step size parameters or
some independent gain parameters. Therefore, in this Paper, authors have decided to use the combined characteristics
of leaky LMS control algorithm and momentum LMS control algorithm which is more suitable to control the system
for random input type of sources such as wind energy system.

1.1 Advantages and Novelties of Proposed Control:
The few qualities of the anticipated control techniques are mentioned below:

1. The proposed control improves the adaptation performance instead of its current values.

2. In proposed control, the quantity of earlier gradients is used for updating the present and hence gives more
precise and faster convergent results.

3. It gives the faster convergent rate and minimum probability of trapping in the local minima, in the proposed
system for control of voltage and frequency in a three-phase SEIG.
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4. Tt provides faster dynamics in voltage and frequency control either with input or output random variations. So,
authors have decided to implement an algorithm named Leaky- Momentum Control Algorithm (LMA).

SYSTEM CONFIGURATION

Figure 1, shown here, is the schematic diagram of the distributed generating system. The 3-phase SEIG is feeding
power to the nonlinear load. A three-phase capacitor bank is connected in parallel at the stator terminal of the induction
machine to provide the self- excitation for nominal voltage generation. The reactive power is supplied by the capacitor
bank to generate nominal voltage at no load. The capacitor bank also helps to control the voltage and frequency when
only linear load is connected.
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Figure 1. System Configuration
At the point of common coupling (PCC), the DSTATCOM is connected in parallel. Both reactive power and
harmonics of load current are compensated by DSTATCOM. It consists three legs of insulated gate bipolar transistors

(IGBTs) and three interfacing inductors and L-R elements. Three diodes with R-L Load constitutes the nonlinear load.
A 3-phase star connected R-C elements connected in parallel acts as a high frequency ripple filter.

LEAKY MOMENTUM CONTROL ALGORITHM

The LMA based control algorithm used for voltage and frequency control, power balance and other power quality
issues such as harmonic compensation and neutral current compensation is proposed here. The procedure for reference
current estimation is elaborated below which is used to generate the switching pulses of voltage source converter.

(4) Weight calculation using LMA Control Algorithm

Terminal voltage (v) of SEIG is calculated using following formula:
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v, v, and v_ represents instantaneous phase voltages at PCC. The in-phase unit voltage templates are calculated
as follows:

Upag = V_t’ pb = V_t’ Upe = U_t (2)
-1 0
uqa
top| = (V3 1 . \upb] ®
R
2 2

Where u,, U, and u, shows unit voltages of phase a, b, ¢ respectively. All unit voltages are instantaneous phase
voltages. Similarly, Uy Uy, and u, are the quadrature phase instantaneous unit voltage templates of 3- phase voltages.
A Leaky Momentum Control Algorithm is used to update the weights of active (wpa) and reactive (an) components
of the fundamental load current. Here, the weights are adjusted till the error in the current state and previous state
becomes zero. The active component of power of phase a load current is estimated as shown below:

Wpa(n+l)= (1_Tpa) Wpa(n)+ Tp upa(n) epa(n) - upa(n)enpa(n)+8(wpa (1’1) — Wpa (1’1—1)) (4)

Where, e, (n) and € (n) are the adaptive error component and noise component of the proposed control algorithm
for phase ‘a’

The equations are given as follows which shows the relation between both factors:

epa(n)zwsﬁ(n - 1) _{(1 - Tpa)WLpavg (TL - 1) upa(n - 1)}

—t,{oe,a(n — Diyg(n —Duya(n — 1} (5)

And

enpa(n -1 = kupa(n){wpa(n) — Wgp (Tl)} (6)

Where W, e (n-1) is average amplitude of active power component of load current, wxp(n—l ) is the total active
components of reference supply currents and i, (n-1) is load current of phase ‘a’ at ( n-1)" sampling instant. Other

factors &, o, o and T, are noise factor, leaky factor, error constant factor and learning rate respectively.
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Similarly, for active power components of phase b and phase ¢ are estimated as follows:
Wb+ )= (1=5,@) W) + T Upp (1) €y (1) = (1) Epp (W) +E (W) — Won(n—=1) (7

WPC(n+1) = (]_Tpa) WPC(n)+ Tp upc(n) epc(n) - upc(n) enpc(n) +8(Wp6(n) - WpC(n_l)) (8)
The average magnitude of weighted fundamental active power components is calculated by

(Wpa+wpp+wpc)
Wipavg = 3 )]

In the similar manner as estimated in above mentioned equations, reactive components of the three-phase (a, b, c)
load currents can be estimated as follows:

Waa(nt+1)= (1—1,0) an(l’l)‘f‘ Tquqa(n) eqa(n) - uqa(n) enqa(n)+8(wqa(n) - an(n_])) (10)
qu(n+]): (I_Tqa)wqb(n)+ Tquqb(n) eqb(n) — Ugp (n) €ngb (I’l)+ 8(qu(n) - Wf]b(n_])) (1 1)

Woe(n+1)= (1—140) Wye(n)+ Tquqc(n) eqc(n) - uqc(n) enqc(n) + e(Wge(n) = Wee(n—1)) (12)

Where T, is the learning rate of proposed control algorithm for reactive power component estimation. The average
magnitude of weighted fundamental reactive () power components is calculated by

(Wqa+wgp+wgc)
Wigang = et tarvac (13)

Reference Source current calculation as well as Gate Pulses generation

Reference source current is obtained by adding active and reactive components of source current obtained from
the part a as below.

- _oax %
lsabc = Lspt + lsqt (14)

The source current i, is sensed and this estimated reference current are given at the input of hysteresis current

controller for generation of gate pulses. The complete LMA control process is shown in control diagram of the system
in Figure 2.
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Figure 2. Block Diagram of LMA control Algorithm

SIMULATION RESULTS AND PERFORMANCE ANALYSIS

The simulation model of three-phase induction generator is developed in MATLAB with a VSC and nonlinear

load. After taking into consideration various operating conditions, the simulation

study has been completed. The developed LMA control has been executed for generating control signals for VSC

and regulating the voltage and frequency of proposed system. This control techniques has been used to calculate the
updated weights of load current components and after finding these weights, source current reference component is
computed. For mitigation of power quality problems, the designing and controlling of DSTATCOM is carried out. The
simulation results are presented and explained below in these sub-sections.

A.

Generation of Control Signals of VSC using LMA Control Algorithm

The LMA control technique is simulated in MATLAB/Simulink to generate control signals of the VSC for
regulating three phase terminal voltages of SEIG, (v_, ) and frequency ().

The magnitude of SEIG terminal voltage (v,) is determined from the sensed value of three phase voltages
(v, vy V) The active components (upa, U, upc) ofunittemplates are generated by dividing three phase instantaneous
voltages (v, v, v, ) by magnitude of the terminal voltage (v ). Further, reactive component of unit templates
(”q,/ u, uqc) are derived from active components of unit templates (upa, Uy upe) by using delay elements. The
waveforms of phase ‘a’ unit templates’ reactive component (uqa) and active component (upa) of source current

have been shown in Fig.3, which are in quadrature with each other. The MLA control is being used to update the
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fundamental active and reactive component (upa, U, upﬁ) and (uqa, Uy uqc) of the load current (i , ,) are presented
in Figure 3. The LMA updates these active and reactive components of three-phase templates (Wpa, W Wpc) and

(an’ W W) respectively till the error in unit templates and load currents are converged.

After determining the error between load current and unit templates of active and reactive currents separately, the
leaky and momentum term of the weights i.e., W and W_are calculated and active and reactive components of
error templates are updated accordingly.

Under varying load conditions, the variation of these weights (WL, Wm) are shown in Fig.3.
It is observed that leaky weight factor (W, ) is varied as the load current (i, ) changes.

10

)Wqﬂ(A) WPHEA) lﬂbc.l (A)
L g
1
4
:

T T e e e B T Y
S AVAVATATAVAVAVATAUAVAVAVAVAVAVAVAVAVAAY
AR

ap

(A) 1

i

L(A) 1

3.8 3.85 39 3.93 4 4.05 4.1 4.15 4.2
Time (sec)

Figure 3. Simulation Results of Reference Current Generation Process

The average active weight of all three phase (Wp) and average reactive component weight factor (Wq) are
determined to obtain the magnitude of active power component of load current. The variation of these weights is
also shown in Figure 3. Total magnitude of reference active real power component of load current is calculated
through sum of average active weight (WL) and frequency, proportional integral output. The summation block
output is multiplied with active unit templates of the reference load current and generated reference current
corresponding to fundamental load current component (ILp). Similarly, the output of PI controller is deducted
from the average weight of reactive currents for regulating the terminal voltage to determine magnitude for
component of reactive power of the load (Iaq). These active and reactive reference currents are shown in Fig.3.
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B.  LMA Control Algorithm Performance for Voltage and Frequency Control under Load Variation
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Figure 4. Simulation Performance of LMA Control Algorithm for voltage and Frequency Control
under Load Variation.

Fig. 4 shows the variation of the SEIG terminal voltages (Vabc) , currents (IabcS), nonlinear load currents (IabcL),
VSC currents (IabcC) , frequency (F) and dc-link voltage ,V while worst case switching in load from 3-phase
to 1-phase and subsequently 2-phase conditions. It is observed that SEIG is started with initial 3-phase load
with terminal phase voltages about 130V (rms). At t=3.9 sec. the load currents in phase ‘b’ and ‘¢’ are suddenly
interrupted causing severe unbalance in load current i.e. ib = ic = 0, ia = iaL. However, due to the presence
of VSC, the SEIG terminal currents are still balance, and as VSC supplement the necessary current and therefore
the compensating currents (iabcC) of VSC are also unbalanced till unbalance in the load sustain till t= 4.1 sec.
Further, it is clear that the SEIG phase voltage (Vabc) remain balanced despite the unbalances in the load. Also,
the frequency (F) of the system remain in close proximity of 50 Hz , since the battery energy storage system at
DC link ensure balance between power generated and power consumed during variations of load.
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C. Power Balance During Sudden Change in Load

Time (sec)

Figure 5. Simulation performance of LMA during power dynamics of system.

Fig. 5 shows the variation of load currents (IabcL), SEIG terminal voltage (Vabc), the generated real power (Pg),
real power consumed in the load (PL) and real power support from VSC (Pc) and power in BESS (Pb). It is
observed that during t is equal to (0 —3.9) second, when load is constant, SEIG generates 2 kW out of which about
1.5 kW is consumed in fixed nonlinear load and balance S00W is being utilized in charging of BESS at DC link
of VSC. When loads of phases ‘b’, and ‘¢’ are suddenly opened at t is equal to 3.9 sec. and load power is reduced
to a about 500 W, the VSC absorb more real power in BESS and the difference between generated power (Pg)
and power consumed (PL +Pc) are maintained and therefore frequency (F) of the system is maintained close to
50 Hz even in isolated mode of operation of SEIG.

D. Power Quality Indices in Steady State Condition

Fig. 6(a), 6(b) and 6(c) shows THD in SEIG terminal voltage (va), SEIG phase ‘a’ current (ia ) and load current
(1L ) under steady state conditions. THD observed in terminal voltage is only 1.9 %. Further, the load being
nonlinear has very high THD it’s about 31.31%, but still the SEIG current THD is about 4.02%. It is clear that
LMA is not only effective in regulating

voltage and frequency of SEIG based isolated energy generation systems but equally well in elimination of
harmonics from source currents.
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CONCLUSION

A three-phase SEIG based distributed generating system with improved power quality issues have been studied.
The main objective of this paper was to discuss the effectiveness of leaky momentum control algorithm in wind
based distributed energy system which is always exposed to random input variations. The LMA is used for regulation
of voltage and frequency of the system. It has also solved the problems of harmonic mitigation, reactive power
compensation and load unbalancing. Due to effectiveness of the proposed control, despite high value of harmonics
in the load current (31.1%), the source voltage and current harmonics are less than 5% and that is acceptable as per
IEEE standards-519. This algorithm is very effective in a suddenly changing environment. In dynamic conditions it is
observed that the dc link voltage has been controlled within the limits. The predicted scheme is having notable higher
convergence rate.
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APPENDIX
3-PHASE SEIG Ratings and various Parameters.

(A) Ratings: Shp, 4-pole, 50 Hertz, 230 V, and 4-pole, R =2.93Q, mutual inductance =26.7544 mH, rotor re-
sistance R =0.4816€2, rotor inductance L = 2.016 mH, Inertia constant (H) = .J (Kg m’), Friction constant =,
Excitation capacitor = 4.5 kVAR.

(B) Compensator parameters: L = 4mH; R,=8Q; C,=12pF; C, =3000 uF.

(C) Nonlinear load: diode bridge with R =30 Q, L = 7100 mH in each phase.
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