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Abstract

This article presents the results of a simulation of the electrical system of the "Corveta Classe Barroso" or CCB, a ship in
the Brazilian Navy, using the MATLAB program. The objective of the simulation is to measure, evaluate, and mitigate the
harmonics at the output terminals of the ship's generator group, driven by the non-linear loads connected to the Point of
Common Coupling (PCC) of the distribution system, such as three-phase Static Rectifiers, Specific Loads, and a Water-
Cooling Unit. The simulation was divided into two stages, with the first stage simulating the system without the presence
of the Shunt Active Power Filter (SAPF) and the second stage including the SAPF. The design of the SAPF was based on
the IRP p-q theory, and it was found that the SAPF was effective in reducing current and voltage distortions, improving the
true power factor, reducing harmonic pollution, and reducing voltage modulation. The results obtained during the second
stage of the simulation that considered the presence of the SAPF indicated that the aforementioned filter was an adequate
choice for improving the power quality of the ship under study.
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1. Introduction

The Brazilian Navy Ship is equipped with several equipment
and sensors of high technological complexity; therefore, it is
necessary that a good quality of electrical energy is generated
on board to ensure that the availability, the reliability and the
efficiency of such devices are maintained during the entire
period of operation [1,2,3]. In this way, the energy generated
on board the Barroso Class Corvette (Corveta Classe Barroso
or CCB) must remain stabilized and with its harmonic
distortions within the limits established in the current
regulations [4,5,6,7,8], thus contributing to navigation safety
and for the measurement accuracy of targets and contacts
collected by on-board equipment, whether high speed
(missiles and aircraft) or low speed (ship and submarine).
The Active Power Filters (APF), despite having a high
implementation cost and high operational complexity in
electrical projects, have been shown to be a more assertive
option to improve the compensation of harmonic components,
frequency range diversity, factor correction of power (FP) ,
among other parameters that can contribute to the
improvement of the electric power quality (EPQ) generated in
the referred vessel. Given the characteristics and advantages
of these types of devices, in this work, the harmonic
mitigation modality is based on Shunt Active Power Filters
(SAPF) [9,10,11,12,13,14]. The SAPF can be considered an
electronic converter that can inject harmonic components into
the system to which it is installed the necessary harmonic
components to cancel unwanted current harmonics generated
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at the terminals of non-linear loads. Thus, in order to cancel
the aforementioned harmonics, the SAPF are installed at the
Point Common Coupling (PCC) of system of an alternating
current (AC) to compensate one or several loads. Once
installed, the harmonic flow of current to the system is
limited. In addition to compensating current harmonics,
SAPF can also be used to compensate for reactive power,
current imbalance, negative sequence current [11,12,13,14].

2. Theoretical Background

This chapter aims to present the main theories consulted and
used during the research, and which, in some way, contributed
to the evaluation and analysis of the results, serving as a basis
for the modeling and simulation of the Generation,
Distribution, and Consumption Systems of the CBB, as well
as helping in the development of the SAPF project. Therefore,
it becomes necessary to define and address some quantities
considered important in this work, so we have:

Voltage Modulation (VM): is the periodic variation of the
voltage (Ay/2) allowed by the user in relation to the rated
voltage (V;,). The VM periodicity is considered greater than
one cycle and less than 10 seconds [4].

Ay _ Vmax-Vmin
2xVn 2xVn

VM = )
Total Harmonic Distortion (THD): is "the root mean

square ratio of the harmonic content, considering harmonic

components up to the 50th order and specifically excluding
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interharmonics, expressed as 1% (one percent) of the
fundamental. Harmonic components of orders greater than
50" may be included when necessary." [5,6]. It provides the
heating potential resulting from distortions generated by
harmonics (Vi or Iy) in relation to the fundamental (V;or 1),
given in relation to voltage (Eq. 2) or current (Eq. 3).

Vy? vy

Zf:z(Vh)z 1% 2 vioy? Vi
THD, = —VVI—\/(V—l) —1—J— )

o ,(Ih)? 2 2_ ;.2
THDI=_\JZ"‘Z()=\/(L) _1=\/%_1_n 3)
I1 I1 I I1

Where V and I are the total voltages and currents that
consider the harmonic components (Vi or Iy) injected or
added into the fundamental components (Vi or 1)),
respectively [7].

Total Demand Distortion (TDD): according to [5,6], the
Total Demand Distortion (TDD) can be defined as "the
proportion of the root mean square of the harmonic content,
considering harmonic components up to the 50" order and
specifically excluding interharmonics, expressed as 1% (one
percent) of the maximum demand current. Harmonic
components of orders greater than 50™ may be included when
necessary.” Compares the measured harmonics in relation to
the total (maximum) demand current of the load (/;), as
postulated in Eq. 4.

\Zfﬁz(]h)z DHT*I1 12 — I4? Ip,
TDD = TDD; = ~——— = — == / =1 @

Displacement Power Factor (PFy): The ratio between the
active power (Pm) and the fundamental apparent power
(Sims), can never be greater than unity (PFq < 1) [9,10], with
the upper limit calculated according to Eq. 5.

Pm w
PF = TS T YA Cose < 1 5)

PFd =

Harmonic Power Factor (PFy): if there is current or
voltage harmonic distortion, its value is always higher in
relation to the PFt (/ > PFh > PF};) [9,10], which can be
calculated according to Eq. 6.

1 1
PFh = J1 +(THDy)2 * J1+(THDDZ ’ (6)
if there is THDy and THD;

True Power Factor (PF,): in nonlinear situations, where
the signals are not sinusoidal, the displacement angle (o) is
different from 0° (zero degrees), so PF; (or cos ¢;) will be
different from the displacement power factor (cos ¢ or cos
¢4), able, according to [9,10], which can be calculated
according to Eq. 7.

PFt = (sfr:ls) * (J1 +(T1HDV)2) * (J1 +(T1HDI)2) 0

Harmonic Pollution (HP): is the total contribution of all
harmonic components generated by nonlinear loads and
injected into the electrical network or circuit. Its calculation
considers both the voltage total harmonic distortion (THDv)
and the current Total Harmonic Distortion (THDy) [11],
according to Eq.8.

HP = /(THDy)? + (THD,)? ®)

2.1 Characteristics of Shunt Active Power Filters
(SAPF)

These types of filters are capable of mitigating most
disturbances that contribute to the increase in reactive power,
unbalanced currents, harmonics, and electrical fluctuations in
voltage and/or current [11,12], as well as for reducing power
factors (displacement, distorted or true) resulting from
nonlinear loads coupled to the Electrical Power System
(EPS), The main function of the SAPF is to mitigate the total
current distortion (THDy), through the compensation current
(Ic) injected into each phase of the PCC, aiming to cancel the
harmonics generated. by the nonlinear loads and that, perhaps,
can be conducted to the generation system or to the source of
the EPS [11,12,13,14]. The Fig. 1 presents the working
principle of the SAPF, which is based on the IRP theory to
generate the filtered compensated currents (filtered Ic or Icapc),
also known as the three-phase compensated currents of said
filter.

PO=0
10=0
Clark
Vsabe Clark Inverse
*|  Transform | phn - Ploss Transform
ILabe (abc = a0) (@30 > abc)
Ploss
‘ LPF2 |7 5) d=ahn an
+
q
Vdc ref
¢ +
PI Controller | ¢ Y .. IC ref
+
VsI I 1 Hysteresis
ICfiltrada o {  Coupling (Link DC) % Band Current
_IC IG
VPCC » Inductors < > Controller
(Lf)

Fig. 1. Block diagram containing an SAPF with its main systems
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The design of a Shunt Active Power Filter (SAPF) is
composed of five main circuits [15,16.17.18,19,20,21,22,23],
as shown in Fig. 1. The first circuit is a Voltage Source
Inverter (VSI) responsible for generating compensated
currents (IC or ICabc) and the direct current voltage (Vpc)
[14,15,16]. The second circuit contains three coupling
inductors (Lf) that couple and decouple the SAPF from the
Power System and filter the residual harmonics of the
compensated currents [14,17,18,19]. The third -circuit
includes a Proportional-Integral (PI) controller that keeps the
voltage in the capacitor constant and generates the power
(Ploss) needed to compensate for the losses caused by the VSI
switching [14,20.21.22,23,24,25,26]. The fourth circuit is a
combined set of circuits (Low Pass Filters and comparators)
and algorithms (Clarke Transform and Inverse Clarke
Transform) that calculates the instantaneous powers and
reference compensated currents and eliminates the oscillatory
and continuous parts 14,22,23]. Finally, the fifth circuit is
called Hysteresis Band Current Controller (HBCC) which is
responsible for generating the pulsed currents (IGabc) sent to
the VSI to switch the gates of the six Metal Oxide
Semiconductor Field Effect Transistors (MOSFETs) that
compose the VSI [27,28,29,30,31].

2.2 Procedure for generating the reference compensated
currents (Icac ref)

In order to generate the reference compensated currents, two
changes of coordinates are necessary (from abc to Oafand
from Oaf to abc ), the first uses the Clarke Transform to
change the abc (120° lag between the voltage or current
phases) for Oaf (90° lag between voltage or current phases),
in this step, in addition to calculating the instantaneous
powers of zero sequence (Py), active (p) and reactive (q), the
value of the current of zero sequence (Io). In the second stage
of the transformation, the Inverse Clarke Transform is used to
return to the origin coordinates (abc) and, with this, find the
values of the reference compensated currents in these
coordinates (Icane) [10,14,32,33]. In Eq. 9 to 12, the
aforementioned transformations are shown, such that:

Clarke transform: through this transformation, the
voltages (Voap)> currents (loap) and powers
(Poap) instantaneous in the coordinates) are found Oaf,
being:

Shunt Active Power Filter Component Circuits

Generation of reference currents (IR abc)

X 1 1
Vv Z I v
0 2 1 1 VSa
Vo | = 3* 1 - 2 2 |*|Vsp ©)
Ve o & v Vs
2 2
A 1 1
1 Z 7z v
Lo 5 1 1 I,
ILa = 5* 1 _E _E * ILb (10)
Iig 0o B _v| M
2 2
Do Vo O 0 I
(pa> =10 Va V[? * ILa (11)
Pg 0 Vg —Vu| |Ip
Inverse Clarke Transform: by means of this

transformation, the reference compensated currents are found
(Icape rer) from the SAPF in the coordinates abc, where:

= 1
Icaref vz ILO
chref =\/§* % —l —3 * ILa (12)
IC”ef 1 1 V3 ILﬁ'

V2 2

3. Methodology and Modeling

The simulation was divided into two stages, where in the first
stage, the APF was considered off (without compensation),
while in the second stage the said filter was inserted into the
ship's electrical system in order to compensate for the
unwanted harmonics conducted by the nonlinear loads (C,
and C;) connected to the Point of PCC. Aiming to measure
the harmonics conducted by the mentioned nonlinear loads,
in the first stage of the simulation, the loads were connected
to the EPS as follows: (I) C;, C2, and C3; (II) C, and Cs; and
(IIT) C, and C;. Based on these configurations, the EPS was
loaded at 85.61% (C,, C,, and Cs), 17.58% (C, and Cs), and
81.31% (Csand Cs), respectively.

For a better understanding and visualization of the
proposed model, Figure 2 presents the Electric Power
Generation and Distribution Systems (EPGDS) of the CCB,
containing only the Consumer Units (C or CU, from 1 to 3)
that will be simulated together with the Genset (Gs).

Ship's Electrical Power System
Generation of Currents from Gates

I Clorke Transt g or Pulses (IG abc)
i n 1 A
Clarke Transform Low Pass Filters Inverter verse Clarke Transform sk Bl s Comtsilles
(LPF-1 and LPF-2) Comparator Generator Set (GS)
l_. s 450Vac-3P-60Hz-650kVA-Y
|
B vsabe
" =0 LPF-1
-8 8 — A . s
v 7 T T v [ '\(
sl Fr Cn s et
- 0 LPF2 23 L
o o .
SRR e T il |
hew e
PCC
Generation of Power Loss (Ploss) Generation of Compensated Currents (ICabe)  Final Filtering and Coupling Coupling Terminals
- > . e [ L _i - (i
.. B R | ) . . i
e Volae - b ol Voltage Source Invcrl:ch (VSI) Coupling Inductors (Lf) Point Common Coupling
| < _ 2 |
< Vie. Voc — ICa Consumers and Nonlinear |
e E EE = Loads (C-1, C-2 and C-3)

Proportional-Integral Controller (PI Controller)

Fig. 2. Partial Modeling of Generation and Distribution Systems, containing only the most critical Users to be simulated together with the designed

SAPF
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3.1 Partial lifting of the loads effective line current (Irmax); true power factor (PFy); Line
In Tab. 1, the maximum capacities of the electrical quantities impedance (Zp); short-circuit ratio (Rsc); and short-circuit
of the equipment to be modeled are presented, such as: current (Isc).

apparent power (Simax); effective line voltage (Vimax);

Table 1. Capabilities of the Ship Equipment to be Simulated and Modeled.

Equipment Description StLmax Vimax ILmax PF; Zy, Rsc Isc
(kVA) (0] A | pu | ) | (pw (A)
Gs Genset 650 450 834 0.80 | 0.54 | <20 16,680
Cl or CU-1 24 Vpc rectifiers 16 440 20 1 12.7 | <20 400
C2 or CU-2 * MLS and specific equipment 550 440 721 0.8 035 | <20 14,434
C3 or CU-3 Three-phase Induction Motor 105 440 138 0.86 1.84 | <20 2,760
(TIM)
SAPF Shunt Active Power Filter 170 440 225 0.98 1.13 | <20 4,500

* MLS: Main Lighting System and specific equipment (radars, sensors, weapons, inverters, and computers) installed on the Ship under study.

3.2 Limits of some electrical parameters established in  limits [4,5,6] and presented in Tab. 2 in order to evaluate the
standards parameters that were measured before and after the
After the two simulation stages of the proposed model, the = implementation of SAPF.

results that were found were compared with the standardized

Table 2. Ship Power System Voltage and Current Harmonic Distortion Limits.
Vecc<1KkV (THD) and 120 V <V pcc < 69 kV (TDD)

RSC S 20 PFtEPS VMEPS HPEPS hEPS THDVEPS THDVEPS TDDIEPS
(pw) (pw (%) (%) (pw (%) (%) (%)
20 >0.80 <2.00 <7.00 1<h<50 5.00 [4] 8.00 [5] 5.00
4. Simulations and Results performed according to the following load configurations: I

(Ci, C; and Cs), IT (C; and Cs) and III (C; and Cs), as can be
As the Three-phase Induction Motor (TIM) of the Water  seen in Fig. 3, Fig. 4, and Fig. 5.
Cooling Unit (WCU or Cs) does not generate significant As can be seen in Fig. 3, when connecting the loads Ci,
harmonics with respect to the nonlinear loads (C, and C3), in C,, and C; to the PCC, the EPS was loaded at 85.61% (546.46
order to verify the harmonic distortions conducted to the kVA) of its maximum demand (650 kVA). Under these
distribution system through the PCC, the system loading was ~ conditions, a PFt value of 0.74 was measured.

Simulation of the Electrical System of the Corvette "Barroso”

Generation System 650kVA-450Vac-3ph-60Hz-Y PCC Distribution System and Consumer Units
VA(V)rms 11(A)rms  S1(VA) rms Outputs V(V)EPS rms I(A)EPS rms S(VA)EPS rms || Losses (VA) LT rms | S(VA)CU rms I(A)CU rms V(V)CU rms  I(A)TIM rms V(V)TIM rms  S(VA)TIM rms Tm
c(A) pico | 444.36] 574433.00' 1248542)| || 563130.62)| |[746.42)| |[435.57 138.32)| |[435.57 104350.54 Sabc(VA) s, A
A m >
n B b B
B1 £0) M1 E0
Discrets ‘nominal
265 ‘-"vlol;siunmle'- lLebo WCL
ILabe (TIM of WCU-1)  Consumer Unit n° 3 (CU-3 or C-3)
DY [Fose] (TIM 440Vac-3ph-60Hz-105kVA)
ce1 1Sabc J z [_7428)| ITM-1Consumer Uit 1 (CU-1 or C-1)
N A R a 1Sabcid) % ILabc total M2zl (Nonlinear Loads RET de 24Vcc/20kVA)
Ss abc (VA) ¢ S CU (VA) rms T A a Va ) 23.45)| 01
‘\}-" o F—1 m L " e A b iR VBl et (B) 680.64)| 02
— Ip - B 8 o e m—
cp—dcC © c 8 ' 3 Ve Stotal ret (VA) 16170.43)| 03
0.0024+]0.001832 0.004+j0.001885 L abeltotal)
Ve 4.97)| 1
Ve
Vnms ou V1 173,28 12Vdc 2
[ T ]
7016.89 v 24 Ve 3
A w
a A a A apda L total
B . . ‘75 vl lec (A)-5Vde 1084.85)| 4
[ 8. Vabc p 49— :|
lec{A) 12 Vde 678.03)| 5
c c c| C
10 115.01]fa— 115 Vag.fme——
1Sce three-phase 8 Toh TECTAT24 Vi 452.07| 6
L] 306.41]] 1 [[_2583.16M—{lac () 115 vims  SIVA) 5Vl 7
© 2o -308.30)
v v [Seg T 5 S(VA) 12 Vdo 8082.17]| 8
.71} 12 || 514564.79][4—'S (VA) 115 Vims
0,00 D 31364 . -3m.83f ([ -84360) T S(VA) 24 Vi 9
[—__000]| ISecpllL (ms) = 20 Vabe Gs | 314.1q] < o 622.38)| |[ 1016.88 Vmar ‘Consumer n° 2 (CU-2 or C-2)
o0 | VLabc PCC ILabe2 (total) - Specific Nonlinear Loads 115Vac-3ph-60Hz e 5/12/24Vc -
-0.00) 628.34 (Computers, SIE, SIP, Armaments, Radars, Sensors and Switched Circuis)

Fig. 3. Simulation with the ship's EPS loaded in the configuration I (Ci, Cz, and Cs)

After loading the EPS following configuration II, as  0.80 for a demand of 17.60% or 114.25 kVA (C1 and C3
shown in Fig. 4, the measured value of FPtsgp was equal to  connected to the PCC).
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Simulation of the Electrical System of the Corvette "Barroso”

Generation System 650kVA-450Vac-3ph-60Hz-Y PCC Distribution System and Consumer Units
Vi(V)rms 11(A)rms  S1(VA) rms rms S(VA)EPS rms || Losses (VA)LT rms || S(VA)CU rms  I(A)CU rms V(V)CU rms  I(A)’ V)TIM rms  S(VA)TIM rms. m
48058 114005.33) 110491.25) "7 Sabc(vA) s, R
A
\ np
2 2
ILabc WCU
[isazz] Labe (TMof WeL-1) Consumer Unit n° 3 (CU-3 or C-3)
2 - (TIM 440Vac-3ph-60Hz-105kVA)
Generator 650KVA-450Vac-3ph-60H: z C7438|  consumer Unitn® 1 (CU-1 or C-1)
= ILabc total 124.62|] (Nonlinear Loads RET!
ISabe(A) '—b 22.86)| 01
A 5 ave N:)ins' i CU(VA)msa A a TTEL va Vde (V) o500l
y\|—¢ ) 8 8 &l Todlet (&) dlt e 672.26)| 020C
i _Hilgs VO ac Tmairet (A) in 32.98)| 02AC
CF—1 Ve Sdoret (V) L[ 15365.91]| 03
5Vac 0.00]| 1
Ve
Vi ms ouV1 12vde 2
A
2 A a (=] 18c (A) 5 Vd 4
Va J;
b be p D
o Idc (A) 12/Vde 5
c
= g s O S
T o == 2 6
K S(VA) 5 Vdc 7
L)) o) e 415 vims oo
vy v S(VA) 12 Vde 8
448 15| 98| 12 0.00]le—{'s (va) 115 Vims
-0.00 C] 31751 CES L ‘IVLm i [ | S(vA) 24 vde 0.00)| o
[—__0.00]| ISecpllL (rms) = 20 Vabe Gs |[™318.25] < &o Wi Ean Consumer n° 2 (CU-2 or C-2)
Vabe PCC ILabe2 (total)| - Specific Nonlinear Loads 115Vac-3ph-60Hz e 5/12/24Vec -
20.00 635.79 (Computers, SIE, SIP, Amaments, Radars, Sensors and Switched Circuits)

Fig. 4. Simulation with the ship's EPS loaded in the configuration II (C: and Cs)

When loading the EPS according to Fig. 5 (configuration
III), the demanded power of the system was around 81.31%

of the maximum demand (650 kVA) and the measured FP;ps
was 0.73.

Simulation of the Electrical System of the Corvette "Barroso”

Generation System 650kVA-450Vac-3ph-60Hz-Y PCC Distribution System and Consumer Units
VA(V)rms 1(A)rms  S1(VA) rms Outputs V(V)EPS rms I(A)EPS rms S(VA)EPS rms | Losses (VA) LT rms | S(VA)CU rms I(A)CU rms V(V)CU rms  I(A)TIM rms V(V)TIM rms S(VA)TIM rms Tm
ISabe(A) pico 54678654 . 1129064 53758062 e R
np
@ [ b B
Discrete
5e-06 s. ILabc WCU
2 lLabo (TMofWCU-1)  Consumer Unitn® 3 (CU-3 or C-3)
(TIM 440Vac-3ph-60Hz-105kVA)
Generator 650kVA-450Vac-3ph-60Hz__ CB1 Consumer Unit .: E| (CU-1 or C-1)
ILabc total (Nonlinear Loads
0.00ff 01
A A CU (VA ms A L5 e {v) N
: y 0.00]| 020¢
fere - - A o |
8 p Iac_m ret () in 365 02AC
cg—dc L} Ve Sdc ) > .00l 03
4+j0.0018 0.0044i0.001885 —[Labc]total)
( 5 Vdc| 494 1
m:l Vrms PCC Ve
Vn rms ou V1 444 55) 12Vde 2
—;. Vo 24 Vde| 3
A
s :/ 18E (A5 Vde 1078.44)| 4
b [ Vabep tg—p(D} va
[
v U Idc (A) 12 Vde 5
— 10 115.41]j— 115 Nag-ems——
S(VA) 5Vde 5324.62)| 7
L)) 308.48)| 11 2543.90|le— lac (A) 115 vims. S
4o °8° [3t081] S(VA) 12 Vde 7986.93)| 8
619.28] 12 ,mlq—sm) 115 Vrms.
0.00 D -313.59) 35 = VDo oulput sm 2 vaclh—»{[ 1064925 9
0.00]| IScepllL (rms) = 20 Vabe Gs [ -312.63 < &0 BELN ‘Consumer n° 2 (CU-2 or C-2)
VLabc PCC ILabe (1otal) - Specific Nonlinear Loads 115Vac-3ph-60Hz e 5/12/24Vec -
-0.00 628.30) (Computers, SIE, SIP, Armaments, Radars, Sensors and Switched Circuits)

Fig. 5. Simulation with the ship's EPS loaded in the configuration III (C2 and C3)

4.1 Analysis of the results found in the first stage of the
simulation (SAPF off)

The results found were based on each loading configuration
(I, I, or IIT) of the EPS with the SAPF turned off, and
therefore each condition was performed separately.

4.1.1 Analysis of the results found in configuration I and
SAPF turned off

As can be seen in Fig. 6, practically all voltage (VLabc) and
current (ILabc) harmonic distortions and deformations,
generated by the CU (on the left side of the figure) coupled to
the PCC, were conducted to the output terminals of the
generator set, which causes considerable deformations in the
shapes of voltage (VSabc) and current (ISabc) waveforms at
the output of the mentioned generator.

According to Fig. 7, the total voltage and current
harmonic distortions generated by the Consumers (CU-1, CU-
2 and CU-3) were around 1.33% (THDvy cuy) and 25.58%
(THD;y cu), respectively. Therefore, although the THDy cu
(1.33%) was within the limits established in the norms (THDy
norm < 5% or 8%), the value found for the THD | ¢y (25.58%)

190

is in disagreement with relation to the current norms [4,5]
(THD: cu norm < 5%) and as in the first stage of the simulation
the SAPF is turned off, most of these distortions were
conducted to the EPS of the Ship.

Vi (%)
T (%)

1 | [EEEREES

* Harmonic Order (pu) Harmonic Order (pu)
a (®)

Fig. 7. Voltage (a) and current (b) harmonic components generated in
configuration I

In Fig. 8 shows the values of THDv gps (0.36%) and THD;
eps (25.58%), measured from the output terminals of the G,
respectively. It can be verified that, although the THDv gps
(0.36%) was within the limits established in norms (THDv norm
< 5% or 8%), the THD 1 gps (25.58%) was also outside of the
limits standardized (THDv norm < 5%).
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4.1.2 Analysis of the results found in configuration

IT and SAPF turned off

According to Fig. 9, the nonlinear load (C,) was not able to
cause a relevant deformation in the equivalent waveform
measured at the PCC, indicating that configuration II (C; and
C;) did not cause changes outside the standardized patterns or
that justify the activation of SAPF when the ship is operating
under these load conditions.

300 PCC bus voltages (VLabc) 200 Source voltages (VSabc) - Genset output terminals
. [ I J PCC bus voltages (VLabc):1 - [ g Source voltages (VSabc) - Genset output terminals:1
2000~ ) H  2000F i Sourc - inals:2
S 1000 S 1000 : ‘
S s
s A~ s
) 0
S 1000 i 7 1 21000 T i 1
-2000 2000
-3000 y L y -3000 L L
0.44 045 046 047 048 049 0.5 0.44 045 046 0.47 048 049 0.5
Time (seconds) Time (seconds)
100 Total Currents Consumed by CU-1, 2 and 3 (ILabc) 100 Source or Genset Currents (ISabc)
. [ I~ Total Currents Consumed by CU-1, 2 and 3 (ILabc):1 . [ I~ Source or Genset Currents (ISab):1
500 : , 500 . ‘
< <
Q 0 E h
L 3
~ 500 ~ 00
Y 045 045 047 048 0 05 0 o4 045 045 047 048 040 05
Time (seconds) Time (seconds)
Fig. 9. Voltage and current waveforms at the load (green) and genset (red) terminals in configuration II
The Fig 10 (charts from “a” to “d”) show the THD Fundamental (60Hz) = 634.7 , THD= 0.02%
generated by the loads (Fig. 10a and Fig. 10c) and conducted 12 1
to the output terminals of the genset (Fig. 10b and Fig. 10d),  _
indicating the voltage and current distortions of the CUs g 1
(THDVCUZO.OZ% and THDICU=3.76%) and the EPS GED 0.8 i
. g 0.
(THDveps=0.02% and THDigps=1.59%), respectively. It can B
be observed that all values related to THD remained below f.:' 06 i
5% and therefore in compliance with the limits recommended ¢
by the current standards (Tab. 2). 04 7
®
=
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0 i\ I ! 1 I I | L L
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Fundamental (60Hz) = 635.7 , THD= 0.02%

Fundamental (60Hz) = 225.9 , THD= 1.59%
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T 8or 1 4.1.3 Analysis of the results found in configuration
é III and SAPF turned off
S 60Ff 1 Unlike configuration II, Fig. 11 shows that, when the system
E was operated in configuration III, despite the voltage
5 a0l | waveforms not suffering considerable distortions, the
s harmonics conducted to the EPS in this configuration were
g ) able to significantly deform the current waveform (ISabc) of
0 the system (graph indicated in red). This distortion is justified
. due to the non-linear load C, (computers, radars, weapons
ol . ! [ . . . . . - . .
o 5 4 6 s 10 12 14 15 18 systems, among othe.rs)., since, as verified in conﬁgurangn 1L,
Harmonic order C; did not cause deviations outside the standards established
by regulations, even when operating together with non-linear
¢) THD: vy with C and Cs coupled to the EPS loads represented by the 24Vdc rectifiers (C)).
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Fig. 11. Voltage and current waveforms at the load (green) and genset (red) terminals in configuration III

Through the graphs from a) to d) shown in Fig.12, it can
be verified that the voltage harmonics generated by users in
configuration III (1.33%) were not sufficient to cause a DHTv
(0.35%) outside the limits allowed by regulations
(THDy<5%) in the ship's system. However, the current
distortions generated by the loads (26.55%) were entirely
conducted to the ship's EPS (26.55%), consequently causing
a THD outside the acceptable limits expressed in Tab. 2.
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Table 3. Results found in the simulation with SAPF turned off.
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to the EPS in

When comparing the values from Tab. 3 with those
standardized in Tab. 2, it was found that only configuration II
(C and C;) presented values in conformity with current
standards, indicating that the wunit causing harmonic
distortions in the EPS (outside standardized values) is C, or
CU-2. Therefore, it is not necessary to test all configurations
(I, 11, and III) in conjunction with the SAPF. In other words,
only configuration I (C;, C,, and Cs) is sufficient to ensure
and demonstrate the effectiveness of the SAPF suggested in
this research. The Tab. 3 presents some results obtained in the
first stage of the simulation, considering the three types of
configurations (I, II, and IIT) mentioned above.

Loading of the system according to the type of | wypy | vyp, | Tpp, | THDy | THD: | TDD: | HP | VM PF,
configuration

(I I and III) Cu Cu Cu EPS EPS EPS EPS EPS EPS

’ o %) %) %) %) %) %) %) %) )

85.61 (I or Ci, C2 and Cs) 1.33 25.58 25.58 0.36 25.58 25.58 25.61 0.1300 0.74

17.58 (Il or Ci and C3) 0.02 3.76 3.76 0.02 1.59 1.59 1.59 0.002 0.80

81.31 (IIT or Cz and C3) 1.33 26.55 25.55 0.35 26.55 25.66 0.44 0.008 0.73

4.2 Simulation with SAPF turned on 4.2.1 SAPF parameters used in the simulation

As already mentioned in the first stage of the simulation, the
most relevant load in relation to the generation of harmonics
outside the limits established in the standard was C2,
therefore, it is not necessary to simulate all three
configurations, that is, to validate the SAPF, it is enough to
simulate the worst situation with respect to harmonic
distortions that, in this case, configuration I is the most
adequate and, therefore, chosen to meet the purpose of this
study.

In Tab. 4, are presented the main parameters of the SAPF used
in the second stage of the simulation. Details on the design,
calculation, and dimensioning of the SAPF can be consulted
at [10,14,15,14,32,33]. Bearing in mind that, in most cases,
the SAPF are applied with the purpose of mitigating the
harmonic current distortions carried to the source by the
nonlinear loads coupled to the PCC of the EPS and, with this,
improving, mainly, the following parameters: PFy, HP, THDy,
TDD,, reactive power and the waveform of the currents
distortions [4,5,6,10,14,19,20,22,33].

Table 4. Specifications of the electrical parameters of the SAPF used in the simulation.

PI Controller VSI Inductors of Low Pass Filters Controller
Coupling (LPF-1 and LPF-2) (HBCC) *
Gp 8 Vbe 1,300+5% Ly 70+8% Jferandfez 70+0.5% GH Hysteresis 1.27
(pu) V) (uH) (Hz) (pu)
Gy 8,000 Imax head 225 Vinax 600 Ciand C, 10+£0.5% Icabe ref max 500
(pus) (A)rms (V)rms (mF) (A)peak
T; 1 fow 10 Icabe 225+5% Faand Fa 44 IMax head 540

(ms) (kHz) (A)rms (pu) (A)peak

Ploss 52 19 Vecc 440+5% Riand R, 1£0.5% LB +50.8
(kw) (pw) (V)rms «@) (A)peak

Vbcret 1,300 Cpc 1,000+8% - - r 10 Mistake 50.8
(W) (uF) (s) (A)peak

* HBCC: Hysteresis Band Current Controller
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4.2.2 Simulated system in the configuration 1 (C;, C;, and

C; coupled to EPS with the SAPF turned on)

The Fig. 13 presents the second stage of the simulation, in
which the Ship's EPS was loaded with all loads (C;, C,, and
C;) and put into operation together with the SAPF.

The Tab. 5 shows the parameters measured during the
simulation with the SAPF turned. Analyzing the results found
it is verified that all the values of the electrical parameters of
the EPS (THD] EPS, TDDI EPS, HPEPs, VMEPS and PFV Eps) were

within of the normalized limits (Tab. 2). It is worth
mentioning that the SAPF is not implemented to mitigate the
harmonics resulting from the CUs, but, through the injection
of harmonics in the PCC, to prevent the harmonics generated
by these loads from being conducted to the EPS, this explains
the reason why the value of THD; cy (26.33%) has remained
outside the limits provided by Tab. 2, even considering the
SAPF performance in the Ship's EPS.

Simulation of the Electrical System of the Corvette "Barroso”

Generation System 650kVA-450Vac-3ph-60Hz-Y PCC

Distribution System and Consumer Units

VA(V)ms 11(A)ms  S1(VA) rms Outputs V(V)EPS ms I(AJEPS rms S(VA)EPS rms | Losses (VA) LT rms | S(VAICU s I(A)CU rms V(V)CU s I(A)TIM rms V(V)TIM rmsS(VA)TIM rms m
ISabe(A) pico [ 43.99] [Tsotseets)| [ 1ata46a| ([ se6599.75) %iabc(vA)msa A;:;\\\
-289.39) (( \|m
Discrete 1042.56] V,Te S nominals —/
5606 5. e ILabe WCU -
e TV o TS C3
[ z [ -193.99 2 2
Generator 650kVA-450Vac-3ph-60Hz__ CB1 1Sabc (E [ 73.23| ITIM-1_Consumer Unit n° 1 (CU-1 or C-1)
A A . o 1Sabol) % ILabc total 2076 (Nonlinear Loads RET de 24Vcc/20kVA)
A Ss abc (VA) ms 2 CU (VA) rms A a 1 Va Ve (V) —— 2350/ 01
= "4\30‘}*".“‘\‘A‘;J”(E"_’B-Gj-° 8 i T ‘ I ds ! Vb idtalret (A)——[ 69125 02
g cp—dc ¢ c e | de 8§ cperidc g op . gV Stotal ret (VA) > 16246.00| 03
0.0024+j0.001832 0.004+j0.001885
: Rebqliotel) 5 5Vdo 499)[ 1
VnrmsouVi [[ 44399 19467 e \Z\/dc 2
- -849.62
1044.29 v 24vde [ zos
A Ag
8 ; : £ E LiEE " Iec(A) SVdc 4
¢ ) o a a e {A) 12 Ve, 5
ISabc - F
Sc three-phase ) < ‘ 0 115 Vaeme-—— e ray Vdc 6
* 1 lac (&) 115vms  S(VA) 5 Vde [ 543347 7
. (VA) 115 Vr
[ oo 31284 85 -367.31)) | 84962 Labe output W smaevee [ 10866.94 9
000 IScepiL (ms)=20 Vabe Gs || 31539 646.76)| || 1044.29) Vims output Consumer n° 2 (CU-2 or C-2)
VLabe PCC ILabe? (total) - Specific Nonlinear Loads 115Vac-3ph-60Hz e 5/12124Vec -
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Fig. 13. Modeling and simulation with the Ship's EPS loaded
Table 5. Results found in the simulation with SAPF turned on.
. . THDy | THD; | TDDy | THDy | THD; | TDD; | HP | VM PF,
Loading and system configuration
CU CU CU EPS EPS EPS EPS EPS EPS
(CU and %)
(%) (%) (%) (%) (%) (%) (%) (%) (pw)
Cy, Cyand C;
,(85 61) 0.03 26.33 | 26.33 0.02 0.50 0.50 0.50 |0.013| 0.97
Analyzing the Fig. 14, it is possible to observe that the  cu), that is, increasing from 25.58% to 26.33%. However, the
SAPF implemented in the simulation managed to  THDycudecreased from 1.33% to 0.03%, and their respective

considerably attenuate the harmonic distortions of the EPS,
producing voltage and current waveforms very close to a
perfect sinusoid.

As the SAPF injects current harmonics into the CUs,
aiming to compensate the harmonics generated by these loads
and, with this, preventing them from being conducted to the
EPS or to the main power supply of the Ship, there was a small
increase in total current harmonic distortions. of loads (THD;

graphs are represented in Fig. 15.

As per Fig. 16, it can be seen that the SAPF considerably
mitigated THDy gps (from 0.36% to 0.02%), THD; gps (from
25.58% to 0.50%) and TDD:y gps (from 25.58% to 0.51%).
Thus, both results are in accordance with the standardized
hl’l’litS (THDV EPS, THD] EPS and TDDI EPS less than 5%).
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Fig. 14. Voltage and current waveforms at the load (a) and generator (b) terminals with SAPF in operation and the system loaded at 85.61% of its
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Fig. 16. Voltage (a) and current (b) harmonic components conducted to
the genset output terminals with SAPF acting

5. Conclusions

The simulation was divided into two stages, where in the first
stage the SAPF was turned off, while in the second stage the
said filter was connected to the ship's EPS. In order to verify
which of the loads (C;, Cs, or Cs) conducted more harmonics
to the Ship's EPS, only the first stage of the simulation was
divided into three distinct load configurations (I-C,, C,, and
C;, II-C, and C;, and I1I-C; and Cs), where it was proven that
configuration I was the most significant in this regard and,
therefore, chosen to be analyzed in the second stage of the

simulation.

Through this research, it was possible to prove that the
SAPF implemented in the vessel's system was able to

significantly compensate the harmonics generated by non-
linear loads, that is, the parameters were within the limits
established at current standards (THDy gps = 0.03%, THD; gps
= 0.50%, and TDD; gps = 0.51%, both less than 5%), resulting
in a reduction of the Harmonic Pollution of the EPS (HPEPS),
from 25.58% to 0.005% (below 7%, value established in the
standard). After the inclusion of SAPF in the simulation, other
important factors were also improved, they were, the true
power factor and the voltage modulation, presenting values
equal to 0.97 (PF;gps > 0.80) and 0.013% (VM gps < 2%),
respectively.

In view of the above, the SAPF chosen in this research

was able to compensate for the current harmonics generated
by the non-linear consumers of the Ship (C,, C,, and Cs) and,
with that, mitigating the unwanted harmonic components,
preventing these components were injected into the main
power supply of the CCB, thus increasing the availability of
the system and, consequently, contributing to increase the
quality of electrical energy of the referred vessel, since all
electrical parameters measured during the simulation with the
filter acting were in compliance with the standardized values
(THDy, THDy, and TDD < 5%; PFt>0.80; HP < 7%; and VM
<2%). Thus indicating that the choice of SAPF was adequate
and, as a result, was able to contribute satisfactorily to the
improvement of the energy quality of the studied ship.

This is an Open Access article distributed under the terms of
the Creative Commons Attribution License.

References

1. Freitas, E. S., et al.,
técnicas". Revista Matitima Brazileira, 132, 04 2012, pp. 60-72.

"A busca da grandeza (VII): retaguardas

195

2.

Freitas, E. S., et al., "A busca da grandeza (VIII): Marinha ¢ a
industria naval". Revista Matitima Brazileira, 132, 07/09, 2012, pp.
39-55.



10.

11.

12.

13.

14.

15.

16.

André Tiago Queiroz, Angelo Cesar Colombini, Elvanger Santos Cardoso, Mdrcio Zamboti Fortes, Paulo Roberto Duailibe Monteiro and
Rodrigo Henrique Cunha Paldcios/Journal of Engineering Science and Technology Review 16 (1) (2023) 186 — 196

Freitas, E. S., et al., "A busca da grandeza (V): A corveta “Barroso”
— primeiro Navio projetado e construido no Brasil republicano.
Indispensavel o complexo técnico-cientifico — industrial militar —
andlise da década de 1980 e inicio da década de 1990 — o declinio —
ciclos de atraso". Revista Matitima Brazileira, 131, 07/09, 2011, pp.
9-16.

ENGENALMARINST N°  30-08A. "Especificacdo  das
caracteristicas de Energia Elétrica em Corrente Alternada (CA) e
Corrente Continua (CC) para os utilizadores em Navios de superficie
da Marinha do Brasil". Revista Matitima Brazileira, 2019, pp. 1-12.
IEEE Power and Energy Society. IEEE P519-2014.1/D8B, "Draft
Guide for Applying Harmonic Limits on Power Systems". USA:
Institute of Electrical and Electronics Engineers, 2014, pp. 1-29.
IEEE Power and Energy Society. IEEE Std 1159-2009, IEEE
"Recommended Practice for Monitoring Electric Power Quality".
USA: Institute of Electrical and Electronics Engineers, 2009, pp. 1-
91.

IEEE Power and Energy Society. IEEE Std 1459-2010: "Standard
Definitions for the Measurement of Electric Power Quantities Under
Sinusoidal, Nonsinusoidal, Balanced, or Unbalanced Conditions."
New York, Institute of Electrical and Electronics Engineer, 2010, pp.
1-52.

ENGENALMARINST N° 30-11A. "Especificacdo de motores de
inducdo e geradores sincronos para uso naval". Revista Matitima
Brazileira, 2018, pp. 1-28.

Grady, W., Gilleskie, R. J., "Harmonics and how they relate to power
factor". In: Proceedings of the EPIR Power Quality Issues &
Opportunities Conference. November, San Diego, CA, 1993, pp. 1-
8.

Singh, B., Chandra, A., Al-Haddad K., "Power quality: problems and
mitigation techniques". John Wiley & Sons, 1% ed., 2015, pp. 1-600.
Biswas, P.P., Suganthan, P. N., Amaratunga, G. A.J., "Minimizing
harmonic distortion in power system with optimal design of hybrid
active power filter using differential evolution". Applied Soft
Computing, UK, 61,2017, pp. 486-496.

Kumar, D. P., et al., "Investigations on shunt active power filter for
power quality improvement". Master thesis of Technology in Power
Control and Drives), National Institute of Technology, Rourkela,
2007, pp. 1-67.

Troncha, G. S., et al., "Uma contribui¢do a aplicagdo dos filtros
ativos em sistemas elétricos de poténcia". Master thesis of the
Federal University of Uberlandia, Graduate Program in Electrical
Engineering, 2019, pp. 1-157.

Unnikrishnan, K. A. E., Chandrika, S. G., Subhash,j. T. S., Manju,
A., Joseph, A., "Shunt hybrid active power filter for harmonic
mitigation: A practical design approach". Journal: Sadhana -
Academy Proceedings in Engineering Sciences, Tamil Nadu:
Springer, 40, 4,2015, pp. 1257-1272.

Briz, F. et al., "Dynamic behavior of current controllers for selective
harmonic compensation in three-phase active power filters". IEEE
Transactions on Industry Applications, 49, 3, 2013, pp. 1411-1420.
Xiongfei, W., Frede, B., Chiang, L. P., "Virtual RC damping of LCL-
filtered voltage source converters with extended selective harmonic

Nomenclature

BN

Brazilian Navy

CCBCU or C Corveta Classe “Barroso”
Consumer Unit

Av Variation of the voltage

EPQ Electric Power Quality

EPS Electrical Power System

h Harmonic order

HP Harmonic Pollution

I Nonsinusoidal periodical instantaneous current
Th Harmonic instantaneous current

11 Fundamental instantaneous current

IRPp-q Instantaneous Reactive Power p-q

P Instantaneous power active

196

20.

21.
22.

23.
24.
25.
26.

27.
28.
29.
30.
31.

32.

33.

q
SAPF
TDDx
THD:
THDv

A%
Vi

Vi
VM
Vinin
Vimax
Vﬂ

compensation." 1IEEE Transactions on Power Electronics, 30, 9,
2015, pp. 4726-4737.

. Venturini, R. P., et. al, "Adaptive selective compensation for

variable frequency active power filters in more electrical aircraft".
IEEE Transactions on Aerospace and Electronic Systems, 48,2,
2012, pp. 1319-1328.

. A. E. AULD et al., "Load-following active power filter for a solid

oxide fuel cell supported load". Journal of Power Sources, 195, 7,
2010, pp. 1905-1913.

. Carpinelli, G., Proto, D., Russo, A., "Optimal planning of active

power filters in a distribution system using trade-off/risk method".
IEEE Transactions on Power Delivery, 32,2,2017, pp. 841-851.
Shafiuzzaman, K., Malabika, B. Conlon, M. F., "Parallel operation
of inverters and active power filters in distributed generation system
- A review". Renewable and Sustainable Energy Reviews, 15,9,
2011, pp. 5155-5168.

Jou, H. L., Wu, J. C., Chu, H. Y., "New single-phase active power
filter". IEEE Proceedings-Electric Power Applications, 141, 3, 1994,
pp. 129-134.

Thomas, T., Haddad, K., Joos, G., Jaafari, A., "Design and
performance of active power filters". IEEE Industry Applications
Magazine, 4,5, 1998, pp. 38-46.

Peng, F. Z., etal., "Application issues of active power filters". [EEE
Industry applications magazine, 4, 5, 1998, pp. 21-30.

Ahmed, A., et al., "Eletréonica de Poténcia". 5* ed., Sdo Paulo:
Prentice-Hall, 2000, p. 480.

Wu, B., Narimani, M., "High-power converters and AC drives."
John Wiley & Sons, 2017, p. 333.

Ogata, K., "Engenharia de controle moderno”. Brazil: 5*
Pearson, 2010, pp. 1-809.

Sabaghi, M., Dashtbayazi, Dashtbayazi, M., Marjani, S., "Dynamic
Hysteresis Band Fixed Frequency Current Control". World, 2222,
2016, pp. 1-2510.

Joos, G., Moran, L., Ziogas, P., "Performance analysis of a PWM
inverter VAR compensator." [EEE Transactions on Power
Electronics, 6, 3, 1991, pp. 380-391.

Pomilio, J. A.,"Fontes chaveadas" Publicagio FEEC, State
University of Campinas, Faculty of Electrical and Computer
Engineering, Department of Systems and Energy, 13,2016, pp. 1-95.
Kislovski, A., Redl, R., Sakal, N. O.,"Dynamic analysis of switching-
mode DC/DC converters". 5* ed., Springer Science & Business
Media, 2012, pp. 1-404.

Chryssis, G., "High-frequency switching power supplies: theory and
design". McGraw-Hill Companies, 1989. pp. 1-301.

Panchbhai, A., Parmar, S., Prajapati, N., "Shunt active filter for
harmonic and reactive power compensation using pq theory". In:
2017 International Conference on Power and Embedded Drive
Control (ICPEDC). IEEE, 2017, pp. 260-264.

Belaidi, R., Haddouche, A., Fathi, M., Larafi, M. M., Kaci,, G. M.,
"Performance of grid-connected PV system based on SAPF for
power quality improvement". In: 2016 International Renewable and
Sustainable Energy Conference (IRSEC). IEEE, 2016, pp. 542-545.

ed.,

Instantaneous power reactive

Shunt Active Power Filter

Total Demand Distortion of current
Total Harmonic Distortion of current
Total Harmonic Distortion of voltage
Nonsinusoidal instantaneous voltage
Fundamental instantaneous voltage
Harmonic instantaneous voltage
Voltage Modulation

Minimum Voltage

Maximum Voltage

Nominal Voltage

WCU Water Cooling Unit



