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ABSTRACT

Permanent Magnet Synchronous Generator (PMSG) is having potential application in isolated supply systems. This
paper presents power quality improvement of PMSG based DG (Diesel Generator) set nourishing three-stage loads
utilizing STATCOM (Static Compensator) with Fuzzy Controller. Here we are utilizing the Fuzzy controller
contrasted with different controllers i.e. The Fuzzy Controller is the most reasonable basic component, giving the
operation of an electronic framework with choices of specialists. A 3-leg VSC (Voltage Source Converter) with a
capacitor on the DC interface is utilized as STATCOM. The reference source currents for the framework are
evaluated utilizing an Adaline based control Algorithm. A PWM (Pulse Width Modulation) current controller is
utilizing for era of gating pulses of IGBTSs (Insulated Gate Bipolar Transistors) of three leg VSC of the STATCOM.
The STATCOM is used for voltage control, harmonics elimination, power factor improvement, load balancing and
load compensation. The performance of the system is experimentally tested on various types of loads under steady
state and dynamic conditions. A 3-stage induction engine with variable frequency drive is utilized as a model of
diesel motor with the speed control. Along with these, the DG set runs at constant speed with the goal that the

frequency of supply is constant independent of loading condition.
Keywords : PMSG, STATCOM, IGBT, VSC, PWM, Fuzzy Controller.

I. INTRODUCTION

PMSGs have picked up fame as of now on account of
their potential use in WECS (Wind Energy Conversion
Systems) [1-4]. The progression in the field of
uncommon earth changeless magnet with high field
force, for example, neodymium- iron— boron (Nd- Fe—
B) has additionally demonstrated incredible open doors
in the field of vehicle industry [5-7].These generators
offer many advantages over wound field type
synchronous generators such as brushless operation, no
rotor winding, small size, no rotor copper losses, less
maintenance and high efficiency. In light of these focal
points PMSGs are additionally being utilized as a part of
turbofan jet motor electrical power era [8]. The
fundamental difficulties in PMSG are voltage and
frequency control under fluctuating load conditions.
These difficulties can be effectively cleared with the use
of control converters. In WECS, the voltage and
frequency of PMSG can be controlled utilizing AC-DC-
AC control converters [9,10].PMSG is compact in size
so these generators have potential applications in DG
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(Diesel Generator) set based separated supply
frameworks. The diesel generator sets are kept running
at a consistent speed with the diesel motor as a prime
mover. There is no issue of frequency control in these
supply frameworks. The primary assignment in DG sets
based supply frameworks is to keep up the steady
terminal voltage. There are consistent efforts of
researchers to develop methods to improve voltage
regulation of PMSG based isolated supply systems.
Suitable design of rotor with Nd-Fe-B magnet can
reduce the voltage regulation of PMSG. Chan et. al. [11]
exhibited the investigation of PMSG with Nd-Fe-B
permanent magnet rotor nourishing resistive load to
accomplish zero voltage regulation. They have exhibited
that the opposite saliency impact of PMSG helps in
change of voltage control of the generator. Chen et. al.
[12] has detailed utilization of fixed capacitor for
helping excitation of PMSG to enhance the voltage
control of the generator. Rahman et.al. [13] have
regulated the terminal voltage of diesel motor drive
PMSG for detached supply framework utilizing fixed
capacitor-thyristor controlled reactor. Errami et.al. [14]
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have proposed variable structure coordinate torque
control method for PMSG based WECS. In the research
work at DG sets, almost no consideration has been paid
to potential utilization of PMSG in DG sets independent
supply frameworks. The voltage of PMSG based DG set
in secluded supply frameworks can be controlled
utilizing STATCOM (Static Compensator). STATCOM
is generally utilized as a part of framework associated
with secluded supply frameworks such for voltage and
frequency control [15-21]. What's more, it can be
utilized for load adjusting, load pay and receptive power
compensation. In the proposed framework with PMSG
driven by diesel motor, STATCOM is utilized for
voltage control of the PMSG. Many control algorithms
are accessible for era of reference source currents.
Proposed framework utilizes an Adaline based control
calculation in light of its straight forwardness and
appropriateness under changing burden conditions [22].

II. SYSTEM CONFIGURATION

The proposed system consisting of a PMSG based DG
set, a three leg VSC, and linear/nonlinear loads, is
shown in Fig. 1. A RC filter is used for filtering high
frequency ripple from voltage at PCC (Point of Common
Coupling). A 3-leg VSC is used a STATCOM. The VSC
is connected to PCC through three interfacing inductors.
The interfacing inductors connected between three legs
of VSC and PCC are used to filter the high frequency
ripples from current. The proposed system uses a
specially designed PMSM of 3.7 kW, 50 Hz, 4-pole, 230
V. The values of interfacing inductors, components of
RC filter, DC link capacitor and detailed data of PMSG
are given in Appendix.
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Figurel. Configuration of PMSG based DG set feeding
three phase loads
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III. CONTROL ALGORITHM

Adaline based control algorithm used in the proposed
system for estimation of reference source currents is
demonstrated in Fig.2. The Adaline based control
algorithm  estimates amplitude of fundamental
components of active and reactive components of load
currents. It uses a fixed step size which may have any
value from 0.1 to 1 for fast convergence. In-phase and
quadrature phase unit templates are used for estimation
of reference source currents.

A. Extraction of Quadrature Phase and In-Phase
Unit Templates

In-phase unit templates are extracted by dividing
instantaneous phase-voltages by amplitude of phase
voltages (V) as,

Uap = Vsa/Vt, ubp = Vsb/Vty ucp = Vsc/Vt (1)
Where Vg, Vg and v are instantaneous phase-

voltages which are obtained from sensed lined voltage
obtained as [19].

Vsa 1 2 1 Veab
Vsp | = 3 -1 1 [V b
Vsc -1 =21

The amplitude of phase voltages is obtained
from instantaneous phase voltages as [19],

(2)

2
Vi = \/§ (sta + stb + stc) 3)

The quadrature unit templates are extracted
using in-phase unit templates as,

Usg= (- Ung* Ucq) /Y3 (4)
Upg= (3Uag+ Ung ‘ch)/z\/g (5)
Uoq= (3Uapt pr‘ucp)/z\/§ (6)

B. Estimation of Active Power Component of
Reference Source Current

The Adaline limits the mistake between real
load current and its evaluated weight by improving the
weights of dynamic and reactive parts of load streams.
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The weight vector for dynamic part of load current of
each stage is communicated as [22],

Wy (n) = W, — 1) + i (n) — (W, (1) X
up MY up(m)  (7)

Where, p is fixed step size having any value from 0.1 to
1. Here the step size in proposed system is taken to be
0.2.

For a three phase system, the weight of active
component of load current is given as,

Wap (1’1) + Wbp (Il) + ch (Il)

Wp (n) = 3

)

where  Wqp(n), Wipp(n) and We(n) are  weights
corresponding to active components of load currents in
phase ‘a’, phase ‘b’ and phase ‘¢’ respectively.

The weight of active power component of reference
source current is obtained by adding weight vectors of (8)
to the weight obtained from the output of DC link
voltage Pl (Proportional-Integral) controller. The input
to DC link PI controller is an error voltage given as,
Vdcr (n) = Vdcref (n) - Vdc (n) (9)
Where, V¢ (n) is sensed voltage on DC link voltage and
Veret () s reference voltage of the DC link.
The output of the PI controller of DC link can be given
as,
WqSTAT (n) =WqSTAT (n'l) +kpdc {Vdcer (n)_vdcer (n_l)}
+KigcVacer (N)  (10)

Where, Ky=0.3 and kig.=0 are proportional and integral
gain parameters of the PI controller of DC link[23].

The final estimated weight of the amplitude of
active power component of reference source current is
given as,

Wit (n) =Westar(n-1) + Wy (n)  (11)
The instantaneous active components of 3-phase
reference source currents are obtained by multiplying
weight vector of active power component and in-phase
unit templates as under,

i*sap(n) = Wyr(n) = uap(n) (12)
i*sbp(n) = Wyr(n) * Upp (n) (13)

scp(m) = Wyr(n) *ucp(n)  (14)

Figure 2.Adaline based control algorithm for PMSG
Based DG set feeding three-phase loads

C. Estimation of Reactive Power Component of
Reference Source Current

The weight vector for reactive power component

of load current of each phase is given as,

Wq(m) = Wq(n—1) + p*{ip(n) — {(Wyr(n) x

ug(m)}}*uq(n)(15)

Final weight of reactive component of load current is
given as,
W,q(n) + Wy (n) + W, (n)
Wq(n) = — 3 = (16)
where  Weq(n), Wiyg(n) and We(n) are weights
corresponding to the reactive components of load

‘> and phase ‘¢’

[P

currents in phase ‘a’,
respectively.

The output of terminal voltage Pl controller is
considered weight of receptive power part of
STATCOM current. The yield of the terminal voltage Pl
controller is given as,

Wistat(n) =Westar(n-1)+Kp{Ve(n)-Ve(n-1)}+
kivve(r]) (17)
Where, k,,=1.5 and k;,=0.1 are gain parameters of
terminal voltage PI controller [23], and Ve(n) is error
voltage. The error voltage is computed as,
Ve (n) = Vtref (n) - Vt (n) (18)
Where, Vit (n) is amplitude of reference terminal phase
voltage and V(n) is the amplitude of instantaneous
phase voltage at PCC.

phase

The weight of reactive segment of load current is
subtracted from the output of terminal voltage PI
controller to get the weight vector of reference source
current as,

Wir (n) =Wgstar (-1)+Wq (n)  (19)
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The instantaneous reactive components of three phase
reference source currents are obtained weight of
reference source current and quadrature phase unit
templates as,

i*saq (n) = WqT(n) *Ugq (n) (20)
spg(n) = Wer(n) * upq(n) (21)
i*scq (n) = WqT(n) * Uepq m) (22)

D. Estimation of Reference Source Currents

The instantaneous reference source currents are
acquired by including instantaneous active and reactive
power parts of reference source currents as under,
sq = i*sap + i*saq; Usp = i*sbp + i*sbq;

(23)

- %

ok %
lsc_lscp+lscq

The estimated reference source currents and sensed
source currents are compared with each other using
Fuzzy Logic Controller and error is given to the PWM
current controller to generate gating pulses for IGBTS of
VSC of STATCOM.

IV. FUZZY LOGIC CONTROLLER

Fuzzy Logic Controller is one of the most successful
applications of fuzzy set theory. Its major features are
the use of linguistic variables rather than numerical
variables. The basic structure of the FLC is shown in Fig
3.

The fuzzifier converts input data into suitable linguistic
values by using fuzzy sets. The fuzzy sets are introduced
with membership functions like triangle, sigmoid,
trapezoid. The knowledge base consists of a data base
with necessary linguistic definitions and control rule set.
The rule set of knowledge base consists of some fuzzy
rules that define the relations between inputs and
outputs. Inference engine simulates the human decision
process. This unit infers the fuzzy control action from
the knowledge of the control rules and the linguistic
variable definitions. Therefore, the knowledge base and
the inference engine are in interconnection during the
control process.

Firstly active rules are detected by substituting fuzzified
input variables into rule base. Then these rules are
combined by using one of the fuzzy reasoning methods.

Max-Min and Max-Product are most common fuzzy
reasoning methods. The defuzzifier converts the fuzzy
control action that infers from inference engine to a non
fuzzy control action.

Different defuzzification methods are used such as
center of gravity, mean of maxima and min—-max
weighted average formula. Center of gravity is the most
common defuzzification method shown in Eq (24)

*x 2 H(2)z
z Xu(2) (24)

Where p (z) is the grade of membership, z is the output
of each rules and z* is the defuzzified output.

The first important step in the fuzzy controller definition
is the choice of the input and output variables. In this
study, the output voltage error and its rate of change are
defined as input variables and change in duty cycle is the
controller output variable. The three variables of the
FLC are the error, the change in error and the change in
output and FLC is having seven triangle membership
functions for each variable. The basic fuzzy sets of
membership functions for the variables are as shown in
the Figs. 3a, 3b and 3c.

The fuzzy sets are expressed by linguistic variables
positive large (PL), positive medium (PM), positive
small (PS), zero (Z), negative small (NS), negative
medium (NM), negative large (NL), for all three
variables. A rule in the rule base can be expressed in the
form: If (e is NL) and (de is NL), then (co is NL). The
rules are set based upon the knowledge of the system
and the working of the system. The number of rules can
be set as desired. The numbers of rules are 49 for the
seven membership functions of the error and the change
in error (inputs of the FLC).

Knowledge Base

Rule Base Data Base

Y

(1) 1

Fuzzification Decision-making
Interface s Unit

\ 4

Qutput

[
»

Defuzzification
Interface

\ 4

Figure3. Fuzzy logic controller
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Figure3c. Membership functions of controlled output

TABLE-1: Rule Base of Fuzzy Logic Controller

e/Ae |NL |NM | NS |Z PS PM | PL
NL |[NL |NL |NL |NL |NM |[NS |Z

NM |NL |NL |NL [NM [NS |Z PS
NS |[NL |[NL |NM |NS |Z PS | PM
Z NL |NM |NS |Z PS PM | PL
PS |NM | NS |Z PS PM |PL |PL
PM |NS |Z PS PM | PL PL |PL
PL |Z PS PM | PL PL PL |PL

V. RESULTS AND DISCUSSION
A. Performance of DG System under Linear Loads

The performance of the PMSG based DG set
under linear load using Fuzzy Controller is demonstrated
in Fig. 4. The system is subjected to three phase load of
2.62 kW at displacement power factor of 0.99. Fig. 4(a)
demonstrates the source voltages (vsp) and source
currents (iss, Isp, Isc). Fig. 4(b) shows the source voltage
(V) and load currents (iLa, i, ). Fig.4(c)
demonstrates the source voltage (Vsy) and STATCOM
currents (ica, Icp, ice)- Figs.4(d-i) shows the active and
reactive powers of sourceload and STATCOM
respectively.lt is observed from the waveforms that the
Controller is able to maintain the terminal voltage
almost at 220 V under a load of 2.62 kW.

The dynamic performance of the system under the
transient condition using Fuzzy Controller is
demonstrated in Fig. 5.The system is subjected to three
phase load of 3.16 kW at displacement power factor of
0.90. Initially, the system is subjected to unbalanced
load by removing the load from phase ‘c’. The dynamic
performance of system is tested by changing the load
from unbalanced to balanced by inserting the load in
phase ‘c’. It can be observed from the waveforms that
system is able to overcome the transient within couple of
cycles.

B. Performance of DG System under Nonlinear
Loads

The performance of the system under nonlinear load
using Fuzzy Controller is demonstrated in Fig.6. The
system is subjected to a balanced nonlinear load of 2.99
kW. Fig. 6(a) shows the source voltages (Vi) and
source currents (iss, isp, isc). Fig.6(b) shows the source
voltage (Vsa) and load currents (ipaiinic). Fig.6(c)
shows the source voltage (Vssp) and STATCOM current
((icasichsice). Figs.6(d-i) shows active and reactive
powers of source, load and STATCOM. Figs. 6(j)-(1)
shows the THDs of the source voltage, source current
and load current. The load currents are distorted with
THD of 10.47 %, the source current has THD of 0.50%.
The source terminal voltage has a THD of 0.13 %.
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Figure 4. Performance under balanced linear loads
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Table-2: THD COMPARISSION

Parametr Pl Controller FLC
%THD of Vg 2.84 0.13
%THD of i, 291 0.50
%THD of i, 21.53 10.47
VII. APPENDIX
PMSG 3.7Kw,230V,3phase,starconnected,1500rp
m,50Hz,Xd=4.669Q,Xq=5.573Q,
Rs=0.2747Q
STATCO | R&=5Q,C=5.25uF,L¢=3.5mH,
M Cyc=1650uF
PI Kpv=1.5,ki,=0.1,Kpgc=0.3,Kigc=0
controller
VIII. CONCLUSIONS

STATCOM has been used for power quality
improvement of the PMSG based DG set for voltage
control, harmonic elimination, and load adjustment.
Additionally it has been found that the STATCOM is
able to maintain source streams when the load is
profoundly unequal because of expulsion of load from
phase ‘c'. The proposed system is a steady speed DG set
so there is no arrangement of frequency control in the
control calculation. However the speed control
component of model of the diesel motor can keep up the
frequency of the supply practically at 50 Hz with little

variation of £0.2%. Subsequently, the proposed PMSG
based DG set along with STATCOM can be utilized for
sustaining straight and nonlinear adjusted and unequal
burdens.

The proposed PMSG based DG set has fuzzy
logic controller additionally inalienable with high
effectiveness. Adaline based fuzzy controller gives the
better results compared to Pl controller. The
comparision of %THD values using Pl Controller and
FLC is shown in Table-2.
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