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Performance Analysis of Closed loop Control of
Diesel generator power supply for Base Transceiver
(BTS) Load

Mohd Khursheed, M. A Mallick, Atif Igbal

Abstract: This paper describes closed loop control of Diesel
Generator (DG) supplying power to a Base Transceiver (BTS)
load of a telecommunication tower, which is DC in nature. Detail
modeling of Diesel Generator set has been presented.. The
stability analysis of governor and excitation system has been
carried out in frequency domain. When DG source is connected
to the BTS load bus through bridge rectifier, the output
waveform distorted due to high odd harmonics content. To solve
this problem a unity power factor rectifier has been designed. For
the control operation of this UPFC rectifier, double loop mode
control method has been used and results are presented. The
complete system has been simulated in MATLAB-SIMULINK
environment.
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l. INTRODUCTION

Diesel generator comprises of a diesel engine and a
synchronous generator. The parts of diesel generator consist
of speed governor, a diesel engine, an excitation system and
a synchronous generator [9]. Diesel engine runs the
synchronous generator while the speed control is obtained
by governor mechanism. The diesel generator has two major
components a speed regulator and an actuator. Diesel
generators are ordinarily utilized in those zone where grid
supply is either impossible or not accessible, for example,
remote areas, rural region etc [8]. However, power
generation from diesel generator is always avoidable due to
its harmful effect on the environment and its high cost.
Because of couple of characteristic favourable conditions of
diesel generator mansion below, it is still in utilized as a
backup power supply source in a microgrid [2].

a) Full load operating condition can be attained rapidly,

b) Time taken for starting and gaining full speed is lesser.

¢) Ability to maintain stability under varying load
condition.

d) Lesser space required for installation.
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A. Components of Diesel Generator

A diesel generator consists of a speed governor, a diesel
engine, an excitation system and a synchronous generator.
The main components of the governor system are speed
regulator and an actuator respectively as shown in Fig.1 (a).
The wvariation in a.c. frequency of output voltage of
generator is obtained by regulating the engine speed [13],
[10]. The excitation system gives the current required to the
field winding of a synchronous generator to generate the
rated voltage at output terminals. The output voltage of
diesel generator is controlled by controlling the excitation
voltage applied to the field winding as shown in Fig. 1(b).
Output voltage of synchronous generator depends on value
of excitation voltage which is controlled by automatic
voltage regulator (AVR). The diesel generators in this theses
work is modeled as synchronous generators with excitation
systems whose shaft is connected with the turbine of diesel
engine. The turbine is provided with governor for
controlling the speed of turbine.
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Fig. 1 Control scheme of diesel generator (a) Governor
control scheme (b) Excitation Control scheme
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B. Diesel Engine % S le Aw
The engine was developed by German inventor Rudolf (rg
Diesel in 1893. A diesel engine is an internal combustion im L <
(IC) engine which converts the chemical energy of fuel into d—tB =5 (K - ZfR Ame) 4)

the mechanical energy [1], [6]. In an IC engines fuel
consumes with packed air inside the ignition chamber and
the result of the burning produces mechanical power.

C. Working of Diesel Engine

High temperature is created inside the combustion chamber
of diesel engine by entering the air through the input filter at
high pressure. Because of the heat of compressed air, as the
small fuel droplets are sprayed on the compressed air, it start
burn The heat of the compressed air vaporizes the fuel
molecules from the surface of the droplets. There is a delay
in the fuel burning because of vaporization process. Amid
ignition procedure of fuel in the combustion chamber, an
exceptionally high pressure is developed over the cylinder.
Because of quick extension offered by combustion gas a
pressure is created in the chamber, the pressure over the
cylinder goes beyond limit and cylinder is driven outward
because of this sudden pressure. Because of this outward
movement of piston the developed power is transferred to
the crank shaft. Because of high compression ratio, the
diesel engine works at maximum thermal efficiency
concerning normal external or internal burning energy
systems.

D. Operation of Governor

The constant speed of the diesel generator is maintained by
using diesel engine governor. In diesel engine, the speed
regulation is obtained by managing the air/fuel ratio which
is injected into the combustion chamber[12], [7]. The
servomotor is used to control the opening of valve in order
to maintain air/fuel ratio. The servomotor uses PID
controller.

Il. MATHEMATICAL MODELING OF
DIESEL ENGINE

The diesel engine comprises of IC engine and governor. The
operation of IC engine has been already discussed in section
1.2 The governor has two parts mainly, speed controller and
actuator [14], [7]. The governor holds on the steady speed all
through the working of diesel engine. An PID controller is
used as a speed controller [11].

The controller and the actuator transfer functions could be
given by Eq. (1) and Eq. (2) separately.

K (1+4T3s)

Hy = (14T +T1 T252) ()
_ 1+Tys

Hq = (14T58)+(14Tgs) )

Where,

K is the regulator gain,

Ty, T2, Tsare the regulator time constants

Ta, T5,Te are the actuator time constants

The differential equations describing the diesel engine
and speed regulation are shown by Equations [V. L Maleev,
1985]
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Pc is the compression ratio, mg is the diesel engine fuel
consumption rate (kg/sec),

K1 is the governor summing loop amplification factor

R is the diesel engine permanent speed droop

wref 18 the reference speed of engine in rad/sec

The engine is represented by a gain K;and a dead time ,
The dead time can be expressed as

— 805t | 60
TZ_ZNn+4N ®)

Where

s.= 4 for four stroke engine, N is the speed in rpm, and n is
the number of cylinders.

The mechanical power (B,,) output produced as a result of
combustion is

Pm = C1mﬁ77 (6)
Where,

C, is proportionality constant and # is the efficiency.

Fig. 2 and Fig. 3 shows the complete block diagram and
MATLAB / Simulink model of a diesel engine respectively.
The speed controller is used for minimizing the error
between actual and reference speed. The output signal of
controller i.e. the position signal is fed as input to the
actuator. The actuator adjusts the fuel injection to maintain
the speed at constant value.

Speed

W
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Fig 2 Block Diagram of Diesel Engine and Governor
Model
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Fig 3 MATLAB/Simulink Model of diesel engine and
governor model

1. EXCITATION SYSTEM (AVR)

While modeling of excitation system of synchronous
generator, should take into account the actual excitation
equipment performance for large, severe disturbances as
well as for small perturbations in order to achieve accurate
results of simulation. The main function of excitation system
is to control the field current of the synchronous generator.
The terminal voltage could be control by controlling the
current in the field winding. As the time constant of the field
winding is high, so field forcing for fast control of the field
is required. When the behavior of synchronous machines is
to be accurately simulated in power system stability studies,
it is essential that their excitation systems should be
modeled properly. The model should take into account of all
disturbances which affects the synchronous machine
performance. Excitation system models suitable for diesel
generator connected to hybrid a.c./d.c. microgrid has been
presented in this thesis. The hybrid microgrid is also able to
operate in islanded mode. In order to maintain a constant
terminal voltage, an automatic voltage regulator has been
used for adjusting the excitation current of field winding of
the synchronous generator.

A. Types of Excitation Systems used for Synchronous
Generator

Based on excitation power source, there are three types of
excitation systems as mentioned below [13], [18]

DC Excitation System

In this sort of exciter an independently or self-energized dc
generator connected to motor or associated with main
generator rotor shaft has been utilized. The field winding of
the separately excited dc generator has been energized with
the help of a permanent magnet ac generator, the three-
phase output of which is converted to dc using rectifiers. For
e.g. IEEE type DC1A. This kind of excitation was generally
utilized around 1960 however at the present time AC
excitation or static exciter is being utilized. Presently for
older generating stations having DC excitation, the voltage
regulator has been replaced by electronic regulators [16].
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AC Excitation Systems

In this excitation system the supply to the field of main
generator is given with the help of AC generator whose
armature is connected to the shaft of main generator, with its
field stationary. A rotating rectifier is used for converting
the AC output of the exciter to DC. The supply to the field
of the AC exciter is given by a pilot permanent magnet AC
generator. The output of this generator has been converted
to DC using rectifier circuit. For e.g. IEEE type AC1A.

ST Excitation Systems

In this type of excitation system static rectifiers has been
used for converting AC terminal voltage into DC value for
providing DC supply for generator field through slip rings.
For e.g. IEEE type ST1A.

B. Mathematical Modeling of Excitation System (Type
ST1)

In this thesis work, type ST1A type of excitation has been
used for synchronous generator of diesel generator. All
components in these systems are static or stationary. Static
rectifiers, controlled or uncontrolled, are used to supply the
excitation current directly to the field of the main
synchronous generator via slip rings as shown in Fig. 4. The
supply of power to the rectifiers is from the main generator
(or the station auxiliary bus) via a transformer in order to get
appropriate voltage level.

AC exciter Main generator

Stationary
§ Armature controlled rectifier Field Armature
Field M } i :
[ Slip MM ovev] -
T
[

regulator ref.

AC ref.
Exc. AC regulator
reg. Aux.

input
Fig. 4 Voltage source controlled static rectifier excitation
system

The model of the Type STI voltage source controlled-
rectifier exciter-based excitation system shown in Fig. 3.4.
The excitation voltage is given using a transformer from the
generator terminals and is coordinated by a controlled
rectifier. The maximum voltage accessible from this type of
systems is direct depends on the generator terminal voltage.
In this sort of structure, exciter time constants are nearly
nothing and stability issue generally not found. Then again,
it might be required to decrease the transient gain of this
type of exciter to improve damping. The model appeared in
fig.7 is suitable to explain the effect of change in transient
gain by putting either it in the forward path by means of
time constants Tg and Tc (in this case the value of Kg is
normally taken as zero), or by putting in feedback path with
proper value of Krand Tr as per requirement. [17], Kaand
Ta represents the Voltage regulator gain and exciter time
constants respectively. Though, the field voltage limits can
be represent as a linear function of terminal voltage (except
when the exciter is supplied from an auxiliary bus which is
in turn not supplied from the
generator terminals) and
field current of generator
respectively. it is possible
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because of first quadrant operation of the bridge rectifier.
For most transformer fed systems, K¢ is quite small,

permitting the term to be neglected for many studies.

C. Synchronous Machine Model

Only simulink model has been presented in this paper.
which takes into account all relevant dynamic phenomena
occurring in the machine [19] The detailed synchronous
generator mathematical model has been explain in [3]. [4],

[5]

V.

SIMULINK MODEL & SIMULATION RESULTS

A. Ratings of Diesel Generator connected

Parameters of diesel generator of power rating 10kVA, p.f 0.8

(lag), Voltage 400 V.
Table 1 Datasheet of Diesel Generator

Load

Table 3 Parameters of Governor of Diesel Generator

DG Set Data Sheet

Kva 10
Power Rating(kW) 8
Current (A) 1449 A
Frequency (Hz) and Speed (rpm) 50/1500

Parameters of Governor

S. No. | Parameters Symbol | Values

1. Governor gain | K, 40
constant

2. Electric  Control | Tr1 0.01s
Box time constant

3. Electric  Control | T2 0.02s
Box time constant

4, Electric  Control | T3 0.02s
Box time constant

5. Actuator time | Ta 0.15s
constant

6. Actuator time | Taz 0.009 s
constant

7. Actuator time | Tas 0.0384 s
constant

8. Inertia constant H 1s

9. load damping | D 0.1
coefficient

10. Delay time Ty 0.03s

Table 2 Parameters of Three Phase Synchronous

Table 4 Parameters of Exciter of Diesel

Generator Parameters of Excitor
S. No. | Parameters Symbol | Values S.No. | Parameters Symbol | Values
1. d-axis synchronous | Xg 3.23 pu 1. Regulator gain Ka 300
reactance -
- - - 2. Regulator time constant Ta 1ms
2. d-axis transient reactance Xd 0.21 pu
3. d-axis sub-transient | Xq”’ 0.15 pu 3. Compensator time constant | Tg 0ms
reactance
4, g-axis synchronous | Xq 2.79 pu Compensator time constant | T 0 ms
reactance
5. g-axis sub-transient | Xq”’ 0.37 pu 3. Exciter time constant Te 0.0 ms
reactance 4 Regulator stabilizing | K¢ 0.001
6. Leakage reactance X 0.09 pu circuit gain
7. d-axis transient O.C.time | Teo’ 17s 5. Regulator stabilizing | Te 100 ms
const. circuit time constant
8. d-axis sub-transient open | Tgo™’ 0.008 s 6. Exciter self-excitation at | Kg 100
circuit time constant full load field voltage
9. g-axis sub-transient O. C. | Tg”’ 0.004 s
time constant
10. Arm. resistanc Rs 0.017
pu
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B. Governor Model Taken into Consideration

In this governor model, the droop gain Kpris obtained after
comparing the actual speed signal with that of the reference
signal with the help of frequency droop. The reference value
of the fuel input has been adjusted by the output of the
frequency droop. The modeling of speed governor system
and that of actuator has been described [14] with the help of
second-order transfer functions. The important parameter of
a diesel engine is its delay time Tp which makes a delay in
performance. The bode approximation for delay block is
given by the eq. (7)
- 10-5sT, +T,2s2
e STd _ d d (7)

2.2
10+55Td +Td S

The transfer function of speed regulator and the actuator
are given by,

Kr(1+5T.,)
Grg (S) = r 2 r3 (8)
1+ sTrl +5s TrlTrZ)
Kr(1+5sTy)
Gag (s) = 9
)= 51+ T_) 1+ 5T o) ©

Where, Kr is the regulator gain, Tri, Trz and Trz are the
regulator time constants, Tai, Taz and Tas are the actuator
time constants. The complete diesel engine and speed
regulator block diagram is shown in Fig.3.5using the above
dynamical relations for actuator and regulator. The Fig.6
shows the bode plot of closed loop transfer function,

@(9)
Oref (5)
generator shown in Fig.5. The parameters of speed governor

are given in table 3. The bandwidth of speed controllers is
observed to be 11 Hz.

of speed controller used in governor of diesel

g || S
Ml *(Mazs)(mazs)

Fig. 5 Control scheme of Governor used in diesel
generator
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Bode Diagram

Magnitude (dB)
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Fig.6 Bode plot closed loop transfer function
@(8)

of Governor
Dpef (8)

C. Simulink Model of Exciter

In this thesis work, the Type ST1 Excitation scheme is used
for diesel generator [9], [15]. The modeling of Type ST1
Excitation System is considered for designing the
parameters of controllers and for stability study. The Fig.8
shows the bode plot of closed loop transfer function of

V¢ (s)
Vref (s)

generator shown in Fig.7. The parameters of speed governor
are given in table 4. The bandwidth of exciter is observed to
be 64 Hz.

of ST1 excitation scheme used in exciter of diesel

Regulating
Ampliier
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Fig.7 Control scheme of ST1 excitation system
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Bode Diagram
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Fig.8 Bode plot of closed loop transfer function of STI
type excitation scheme

Base Values: Base Voltage Vp = 230 V(ms), Base Power S
=10 KVA, Base Impedance Z,= 15.87 ohm

The Fig. 9 shows the complete Simulink model of the three
phase diesel generator. The exciter provides sufficient
excitation voltage to the field winding of the three phase
synchronous generator of the so as to produce a output
voltage of 230 V (rms) at rated load. The governor system
adjusts the fuel input to the diesel generator so as to produce
output voltage and current at a frequency of 50 Hz. Initially,
a resistive load of 15.87 ohm is connected the output of
three phase synchronous generator. At the time instant of t =
10 s, diesel generator supplied power to a three phase R-L
load. The value of R = 12.7 ohm and the value of L = 30.3
mH. The waveforms of the turbine output power, exciter
output voltage, actual exciter voltage and rotor speed are
shown in Fig.10. The output voltage generated and current
supplied by the diesel generator has been described in
Fig.11. Fig.12 hows the Zoomed version of Output terminal
voltage and load current supplied by diesel generator to the
load connected at its output terminals. Fig.13 shows the
waveforms of the output active and reactive power supplied
by diesel generator to the loads connected across its
terminals.

Table 5 Parameters of Three Phase Transformer

Data Specification of Transformer

kVA 10

Volts 230 V/21V
Frequency 50 Hz
Phase 3

Ampere 15A/ 159A
Impedance 4.87%
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Fig 9 Complete Simulink Model of diesel generator
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Fig. 12 Zoomed version of Output terminal voltage and
load current of diesel generator
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Fig. 13 Output active and reactive power supplied by the
diesel generator

V. CONNECTION OF DG SET TO BTS LOAD

The output of synchronous generator is three phase a.c
voltage which is alternating in nature. It cannot be directly
connected to the BTS load input terminals. For this purpose,
a three phase diode bridge rectifier is used to convert the ac
output of diesel generator to the dc. However the operating
voltage of the BTS load is 48 V (dc) and the put of diesel
generator is 230 V (rms). Therefore a three phase step down
transformer is connected between the diesel generator and
the three phase rectifier.
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A. Selection of Three Phase Transformer
Output voltage of three phase diode bridge rectifier

33
ro = TVmZ =48V

V,

Where, Vi is the voltage at secondary winding of step
down transformer. From above, the value of Vm. is

evaluated as =21 V (rms)
The voltage at input of primary of step down transformer is
=230V (rms).

Bt

The turns ration of step down transformer is = % =10.95~

11. The table 5 shows the parameters of the three phase
transformer selected for supplying of BTS load. All the
above mentioned components are simulated in
Simulink/Matlab and the performance analysis of the
complete system has been carried out. The Fig. 14 shows the
Simulink model of diesel generator along with step down
transformer and three phase diode bridge rectifier connected
to BTS load.

=

uo
rTee—
—I—.'\'-'-
—_—
i He
T Lha

aE
e = T = Af e =
S gt

BEMa

~3E £,
¥ i ) L _

Fig 14 Simulink Model of diesel generator with step down transformer, three phase diode bridge rectifier and BTS
load

The waveforms shown in Fig.15(a) described the three
phase voltage output and the current supplied by the diesel
generator to the BTS load. The three phase diode bridge
rectifies is a nonlinear load and draws harmonic current
from the synchronous generator as shown in Fig.15 (b) and
distorts the current waveforms respectively. So, harmonic
analysis is required for the current supplied by diesel
generator to check whether harmonic contents are within the
limit or not. In Fig.15 (b) the active and reactive power
generated by the three phase synchronous generator are
shown. Due to harmonics contents in currents, the ripple
contents in active and reactive power waveforms are quiet
high. The waveforms shown in Fig.15 (c) explain the
variation of the output voltage, current and power supplied
by three phase diode bridge rectifier. From these
waveforms, it is clear that ripple contents in current and
voltage waveforms are high which can be reduced using LC
filter at output of three phase rectifier.
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by diesel generator
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Fig. 3.15 (d) Harmonic spectrum of input current of
three phase diode bridge rectifier

From the FFT analysis of the output current waveform as
shown in Fig.15 (d), it has been observed that output of
three phase rectifier contains more odd harmonic because of
no half wave symmetry. The simulated result of the
harmonics of current of three phase full bridge rectifier is
shown in This type of converter contains odd harmonics as
there has been no half wave symmetry. Such rectifiers
additionally have dc component. It is obvious from the
above discussion that these sorts of rectifiers produce
harmonics component. In Electrical distribution system if
such type of convertor has been used in large quantity for
supplying load, harmonic injection would leads to power
quality issue.. These harmonics over-burden the neutral
conductors and transformers, producing more losses and
decreased power factor.

VI. REMEDY

In order to solve above mentioned problem of three phase
diode bridge rectifier, an active rectifier known as Three
Phase Unity Power Factor Rectifier (UPFC) has been used
[23]. In case of UPFC, the fundamental component of
current and the supply voltage are in phase. Therefore, it
draws no current harmonics from the supply [22], [24], [25].
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Fig. 15 (c) Output voltage, current and power of three
phase diode bridge rectifier

A. Operation of UPFC

The control scheme of UPFC has been shown in Fig. 16. the
closed loop structure of the UPFC comprises of a balanced
three-phase source, a transmission line, filters and a PWM
converter supplying power to the DC bus. The BTS load is
connected to DC bus. Transmission line equivalent
parameters have been represented as Req, Leg, While that of
filter parameters are given by Ceq, R filter of Ls, Cqycis a DC-
link capacitor. The PWM converter comprise of six IGBTSs
as ideal switches. No loss and no system harmonics have
been assumed. For maintaining constant link capacitor
voltage (i.e, V'4) and unity power factor at input AC side
(I equal to zero), the PWM converter utilized vector
controller technique First of all, voltage angle has been
calculated by feeding the line voltage Vae to the PLL
(Phase Locked Loop). This angle signal has been utilized for
abc to dqg axis transformation of electrical quantity i.e.
voltage, current. Afterward, the dg-axis values and the
DC-link voltage value has been utilized for decoupled
control. These controllers are specified as Current controller
and DC-link voltage controller. Lastly, the reference
voltages generate by the controller has been sent to the
PWM block (Pulse Width Modulation) to make the
switching sequence Sanc (S =
1 implies upper switch ON,
lower turn OFF; S=0 implies
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upper turn OFF, lower switch ON).
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Fig. 16 Closed loop control scheme of UPFR

B. Control Scheme of UPFC

The broad control objectives of the grid-side converter are
as follows [20], [21]

e The UPFC is designed so as to maintain the DC link
voltage (V) constant. So the responsibility of
maintaining a constant Vg lies with the controller
associated with the UPFC. Hence maintaining the
DC link voltage constant is the first objective of
UPFC controller.

e For a fixed power rating, the peak of the grid current
is minimum only when the operations a unity power
factor. So, the second purpose of the UPFC controller
is to maintain working of convertor at unity power
factor.

To achieve these two control objectives a double loop
control scheme has been used. These two loops are known
as inner Current controller and the outer DC-link voltage
controller. The voltage control forms the slow outer loop,
while grid current (i) control constitutes the fast inner loop
[26]. The control strategy structure has been shown in
Fig.17. The chief advantage of using a two loop control
scheme (as mentioned above) is that each variable see the
other as constant. For example, the inner control loop is
faster than the outer Vg control loop that by the time Vg
starts to react to any change or disturbance iy has already
reached its steady state. Similarly from the perspective of ig,
the outer loop is slow that Vg changes very slowly and it is
as good as constant

|gref
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Figure 17 Two Loop Control Scheme Synchronous Pl
control

Using Clarke and Park transformations, the current

measurements are transformed to DC quantities, then, a
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simple Pl controller give good convergence to reference
values. PI controllers are inherently incapable of giving zero
steady state control error for a dc reference. The integral
action removes the error only if the reference value is
constant in steady state.

Table 6 Parameters of UPFC

S.No. | Parameters Symbol | Values

1. Switching Frequency fs 5 kHz
Diesel Generator Side

e Filter Inductance L 1.5mH
Diesel Generator Side

3 Filter Capacitance ct 200 uF

4, Grid side Inductance L2 ImH

5. Internal resistance of L R1 0.1Q

6. Internal resistance of L2 R2 0.1Q

7. Rated Power P 10 KW

. 230V

8. Grid Voltage Vane (peak)
DC Link Capacitance Cuc 5mF

10. Pl controller of current Ky+Kyfs | 1+100/s
control loop

11 Pl controller of dc link Ky+Kifs | 2.5+120/s
voltage controller

12. Reference DC Voltage Ve 50V

The Fig. 18 shows the closed loop control scheme of UPFR.
The parameters of the UPFR are given in table 5. The
waveforms shown in Fig. 19(a) gives the variation of output
voltage and current supplied by three phase UPFR From the
waveforms, it is clear that current waveform is free from
distortion. The Fig. 19(b) shows the voltage between the two
legs of three-phase UPFC which are PWM in nature. Fig.
19(c) shows the waveforms of output active and reactive
power generated by the diesel generator. the waveforms
shown in Fig. 19(d) gives the output dc link voltage, current
and power supplied by the UPFR to the BTS load. From
these waveforms it is observed that the ripple contents in the
waveforms of voltage, current and power are less as
compared to the case of three diode bridge rectifier. Also the
UPFR is generating the voltage and current required by the
BTS load.
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Fig. 18 Simulink model of closed loop control scheme of UPFR
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13.
VILI. CONCLUSION

This paper deals with the detail modeling of Diesel

Generator set. Separate modeling of different component i.e. 14.

governor system, excitation system and synchronous

generator is also discussed in detail. The stability analysis of

governor and excitation system has been carried out in 15

frequency domain. The frequency response of closed loop

transfer function of the governor and excitation system has

been examine with the help of bode plot. From the 16

behaviour it is conclude that these systems are stable. It also

conclude from the wave form of the voltage, current and 17

power output, while using bridge rectifier to connect to the '

dc BTS load bus, that these wave form are distorted due to

high odd harmonics content. To solve this problem a unity 18

power factor rectifier has been designed. For the control

operation of this UPFC rectifier, double loop mode 19

controller has been used. Finally from the output voltage,

current and power wave form of the UPFC it is observed

that these wave have less distortion means have less 2

harmonic content as compared to the 3 phase bridge

rectifier. Thus the UPFC is the better option to connect the
generator to BTS load as compared the bridge rectifier. ’
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