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ENERGY EFFICIENCY OF A 3-LEVEL SHUNT ACTIVE POWER FILTER POWERED
BY A FUEL-CELL / BATTERY DC BUS WITH REGULATED DUTY CYCLES

Introduction. Nowadays, electrical energy is indispensable in industrial, tertiary and domestic appliances. However, its efficiency is
becoming affected by the presence of the disturbances that appear in the electrical networks such as harmonics, unbalance,
sags/swells, flickers ...etc. Indeed, the disturbances cause a decrease in the power factor and an increase in the power losses. In this
paper, the harmonic disturbance is considered and a 3-level shunt active power filter powered by a hybrid fuel-cell/battery DC is
applied to mitigate current harmonic components from the electrical feeder. Aim. Studying the energy efficiency of a system based on
a 3-level shunt active filter powered by a hybrid fuel-cell / battery DC bus. Methodology. It is a matter of finding the suitable
Sformulas that express the efficiency and the relative power losses according to the load factor (which is the ratio between the short-
circuit active power and the load active power) and the load power factor. The DC bus energy is controlled using an energy
management algorithm that contributes in generating the required reference input currents and output voltages of the fuel-cell and
the battery. The DC/DC converters control circuits are performed in a closed loop by means of regulated duty cycles. Results. The
simulation results carried-out under MATLAB/Simulink environment show better filtering quality if compared with the case of open
loop control of the DC/DC converters and lesser differences between the fuel-cell power, the battery power and their respective
reference powers. Which concerns the energy efficiency, the results demonstrate that higher efficiency and lower relative power
losses can be achieved only when higher load factor and load power factor are attained. Therefore, the compensating system of the
power factor is very important to improve the energy efficiency. References 13, tables 1, figures 14.

Key words: 3-level shunt active power filter, hybrid fuel-cell / battery DC bus, energy efficiency, power quality, efficiency,
relative power losses.

Bcemyn. 'V naw uac enekmpuuna emepeisi € He3aMIiHHOIO Ol NPOMUCIOBUX, NpomidicHux i nobymosux npunadie. Oonax Ha it
ehexmusnicmy  BNAUBAE HAAGHICMb NOPYUIeHb, WO GUHUKAIOMb 6 eNeKMPUYHUX Mepedcax, Mmakux sK 2apMOHIiKu, oucbanamc,
NPOBUCAHHA/PO3OYXAHHS, MePeXMIHHA mowo. [JiticHo, NopyweH s 6UKTUKAIOMb 3MEeHUeH s Koeiyichma nomyscnocmi ma 36i1buieHHs
empam nomyosichocmi. YV yiti pob6omi po3ensinymo 2apMOHIUHI NOPYUWEHHS. Ma 3ACMOCOBAHO 3-PiGHesull WYHMYIOUUll Qitbmp axmueHoi
NOMYMHCHOCHI 3 JHCUBNEHHAM 60 2IOPUOHO20 NANUSHO20 eNeMeHma/aKyMyaAmopa NOCMItIHO20 CIMPYMY Os NOMSIKUEHHS CIPYMOBUX
2APMOHIYHUX KOMNOHEHMIB 3 eIeKMPONOCmAaiaHHAM 6i0 enekmpuunozo gioepa. Mema. [Jocniosxcenna enepeoedexmueHocmi cucmemu
HA OCHOBI 3-pi6He6020 WYHMYI0U020 AKMUBHO20 (QINbMpa 3 JHCUBIEHHAM 6I0 2iOPUOHOI WUHU NOCMITHO20 CMPYMY 3 NATUSBHUM
enemenmom/akymynsmopom. Memoouka. Ilompiono 3naiimu  6i0no8ioHi hopmyau, aKi eupasicaromv eghekmusHicms ma 6i0HOCHI
empamu  NOMYAHCHOCMI Y 8ION0GIOHOCI 00 KoepiyicHma HABAHMAaNCeHHs (Ye GIOHOWEHHST AKMUBHOI NOMYIHCHOCHI KOPOMKO20
3aMUKAHHA MA AKMUBHOT ROMYICHOCII HABaHmadicents) ma Koegiyicuma nomysicnocmi Haganmagicenns. Enepeisi wiunu nocmiiinozo
CmMpyMy KOHMPONIOEMbCA 3d O0ONOMO0I0 ANOPUMMY YNPAGTIHHS eHep2i€lo, AKUL CHpUsAE hopmMyBanHio HeOOXIOHUX ONOPHUX BXIOHUX
cmpymie ma GUXIOHUX Hanpye naiugno2o enemenma u axymyasmopa. Cxemu ynpasninnsa DC/DC nepemeopiosauamu GUKOHYIOMbCA Yy
3AMKHEHOMY KOHMYPI 30 OONOMO20I0 pe2ynbosanux pobouux yuxiie. Pesynomamu. Pesynomamu M0OOenio8ants, NnpoeedeHozo y
cepedosuwyi MATLAB/Simulink, noxazyioms kpawy sikicme Qinempayii' y nopieHsAHHI 3 GUNAOKOM YNPAGIIHHS 3 GIOKPUMUM KOHNYPOM
DC/DC nepemeopiosauie  ma meHwii GIOMIHHOCII MiJC NOMYICHICMIO NAIUGHUX €eMEHMI8, NOMYICHICIIO aKymyismopa ma ix
6i0n06i0H0I0 nopisnanbHol nomyscuicmio. [Llo cmocyembcs enepeoeghexmugnocmi, pesyavmamu noxkazyioms, wo oinewuti KK/ ma
MeHwi 6IOHOCHI 8MPAMuU NOMYACHOCIE MONHCHA OocsAemu auue mooi, KOIu 00cA2aromsves OLbluull KoeQiyichm HagaHmagiceHHs ma
Koeghiyicnm nomyosrcnocmi Hasanmagicenns. Tomy KoMnencyoua cucmema KoeQiyicHma nOmy*cHoCmi 0yice 8axciuéa O Nio8UUeHHs
enepeoegpexmusrocmi. bioin. 13, Tabm. 1, puc. 14.

Knrouoei cnosa: 3-piBHeBHil HIyHTyI0uMii GinbTp aKTHBHOI NOTYKHOCTI, ri0pUAHA HMIMHA NOCTI{HOr0 CTPyMy 3 HaJUBHUM
€J1eMeHTOM/aKyMyJIITOPOM, eHeproedeKTUBHICTh, AKicTh ejaexTpoeneprii, KK/, BitnocHi BTpaTi HOTYKHOCTI.

1. Introduction. The study of the electrical systems
energy efficiency is very important since electricity is the
most flexible type of energy and one of the most
significant energies used in industry and in domestic
appliances. Particularly, for systems containing power
quality compensators based on power electronics
interfaces, it is interesting to study the influence on the
global system efficiency. Indeed, when the power quality
is poor, power losses increase which decreases the
efficiency [1-3]. Active power filters (APFs) are classified
among the most effective power quality compensators
that can reduce the power losses according to the adopted
compensation approach and consequently improve the
energy efficiency [4, 5]. Particularly, the shunt active
power filter (SAPF) generates a current which reactive
component goes into the non-linear load whereas the
active component flows into the source while guarantying
less power losses and near-unity power factor (in spite of

the energy losses in the APF electronic devices) [6, 7].
The study of the energy efficiency of a compensated
power system can be performed depending on the power
system topology, the existent disturbances that increase
the power losses and the compensation approach. In the
literature most studies concern the energy efficiency of
four-wire power systems taking into account the neutral
current in presence of harmonic disturbance and
considering the instantaneous power theory in the
compensation approach [4, 6-8]. Especially, the study
presented by Artemenko and Batrak in [6] establishes new
formulas that call the load factor (ratio between the short-
circuit power and the load active power) and the load
power factor when expressing the system global
efficiency and relative power losses. The study
demonstrates that more the load factor and the power
factor are higher, the efficiency is higher and the relative
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power losses are lower which means better energy
efficiency.

In the present work, the formulas of Artemenko
and Batrak are adopted on a three-phase three-wire
system considering a 3-level neutral point clamped
(NPC) SAPF powered by a hybrid fuel-cell (FC) /
battery DC bus which power is supervised by a
management energy algorithm associated to DC/DC
boost and buck converters where the duty cycles are
closed-loop controlled.

The purpose of the work is studying the energy
efficiency of a system based on a 3-level shunt active
filter powered by a hybrid fuel-cell / battery DC bus.

The present work is organized as follows. Section 2
describes the global system. Section 3 is dedicated to the
SAPF and the DC bus topologies and control strategies.
Section 4 establishes the theoretical study of the energy
efficiency according to Artemenko and Batrak approach.

Section 5 presents and discusses the simulation results
carried-out using MATLAB/Simulink.

2. Active filtering system description. The
considered system is depicted in Fig. 1. The system
contains the electric feeder (with its electromotive force
(EMF) e, its series Ry, L, impedance, and its current i)
to be cleaned from harmonic currents (produced by the
load), the non-linear load (a diode rectifier and a DC R,
L, load) and the proposed 3-level NPC IGBT’s active
power filter configuration (with its output filter R, Ly, Cy
and its upstream filter R,, L,) which DC bus (including
the filtering capacity C, with its shunt resistor R,.) is
fed with a DC voltage V. through a hybrid system of a
FC and a battery, power electronically interfaced by
DC/DC boost and buck converters. The detailed
description of this hybrid power DC bus and the energy
management system are presented in [9]. Duty cycles
controllers of DC/DC converters and energy efficiency
of the AC side are shown in the following sections.

Supply Non-Linear Load
Tlabc
. ’5;’ A +
es +Rs Ru Lu 1 2 Rl
[ = B
' W Ls y
C -
y/7)
III
3Level Habe VSI — voltage
I IPCWC Converters VSINPC source inve%ter
V*iBatt Hybrid —rb g J_g 1 = Ec» P R "
~€—] FC/Battery Vi EE 7| mL
L X BYFEN C‘| L [wy
S0C D 3 " = > =
ﬂncmc* J— < 49 l ] N .‘-I ¢ o
SOC - state-of-charge =9« | B > I
| - = = = Gating
S0C s Pre | Signals
| Management| p¥*, . esabe Phase-Shifted
Piem System | n Carrier-based PWM - pulse-width modulation
Vsabe . PWM
| Vobuck § Videm o a=pp] Efficiency jompp
V*dt * y I Isabe +
| V¥iBat Duty it I > Habe I*fabe
T¥*max C C‘Vdfl f t SRF Algorithm SRF - synchronous reference frame
| —p| Controller | Tponc Rs FoL

DC/DC Converters Control Circuit

Ilabe AV*dc  Vsabe

Fig. 1. Description of system

3. SAPF and DC/DC converters topologies and
control strategies. As said previously, the SAPF is based
on a NPC 3-level voltage inverter and the DC bus feeding
the SAPF with DC voltage. The DC bus is based on an
association of a FC, a battery and DC/DC boost and buck
converters. Topologies and control strategies of the SAPF
and the DC/DC converters are presented in this section.

3.1. SAPF. Figure 2 illustrates the power circuit of
the SAPF constituted of a DC voltage bus, a NPC 3-level
voltage inverter and an output RLC filter. The control
strategy of the SAPF is shows in Fig. 3. It uses the
synchronous reference frame (SRF) to detect the
reference harmonic current Iﬁ}, PI correctors to regulate
the input DC voltage V. and the output AC current /; and
a phase-shifted carrier-based modulator for gating signals
generation. The PI correctors coefficients of the voltage

regulator (K,yc, Kivac) and the current regulator (K, Kiy)
are designed using Bode method. Their expressions are
extracted by the help of (1) to (8) [10] starting from the
open loop transfer functions (OLTF) of the DC voltage
OLTF,(p) and the AC current OLTF(p).

3.2. V. regulator
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where . is the cutting frequency in the DC state
generally chosen inferior to the fundamental frequency;
#1(w.) is the angle belonging to the phase margin, and w,,
w are the particular frequencies of the Bode diagram.
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Fig. 2. SAPF topology
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3.3. Iy regulator

K,
OLTF, (p)=|14-71rg| [ b 2. (6)
/ Kir, Ky,
where
204, L,
b=t (M)

*
Va’c
where A4, is the amplitude of the triangular carrier.

In the case of the PI regulation of the AC output
current /, and in order to reduce the dragging error

between /rand its reference /;, the passing-band of the PI
regulator should be inferior to the cutting frequency f..
Practically, . is taken 0.5z-f. [11].

34. DC/DC converters. Figure 4 exhibits the
topology of DC/DC converters. The FC DC/DC converter
is unidirectional and operates in boost mode, whereas that
of the battery is bidirectional and operates in boost and
buck modes [9]. The power circuits in both operating
modes are based on the average model allowing
controlling the input voltage V; and the output current /7,

using regulated duty cycles a*,,m,, a*bm,k and the

efficiencies #p0051 Mpuck Obtained from a 2-D look-up table
which data is provided by the manufacturer BRUSA [12]

* *
Vi =(1=poost) Vo (3
* *
I, =Npoost 1- aboost) Ay )
where V;, I; are the voltage and current at the low voltage

side; V,, 1, are the voltage and current at the high voltage
side.

L. Switch Model
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Fig. 4. DC/DC power circuit:
a — Boost mode; b — Buck mode
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Figure 5 summarizes the principle of the control
circuit with voltage and current regulators of FC and
battery in boost mode (Fig. 5,a,b) and battery in buck

mode (Fig. 5,c). One can deduce that a*bm,,‘., is regulated
starting from V*dc while a*bm,k can be regulated from
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Fig. 5. DC/DC control circuit:
a — fuel-cell; b — Battery in Boost mode;
¢ — Battery in Buck mode

Dimensioning of voltage and current regulators.
The inductor L voltage and capacitor C current can be
expressed as:

dl. *
L_lei — (1= Upoost) Vs

7 (10)

an

CTtoznboost(l_aboost)'Ii _[0'
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This gives the inductor current and capacitor voltage
in Laplace domain as:

Vi _(l_aboost)'Vo .

1:(s)= ; 12
() e (12)
l—apyp) 1 —1
VO(S) — nboost( aboost) i o : (13)
C-s
V*
ﬂboost[VlO]']i _10
=V (s)= . 14
5(5) = (14)

Then, the open loop transfer functions are given by:

Kpps+K
OLTFI(s):$'LL.S; (15)

Kpys+K
OLTE, (s) = Xersthw 1
S

s (16)
where the proportional gains Kp;, Kpy and integral gains
Kj;, Ky are determined knowing the regulator response
times as [13]:

Kpy =26wy LK = o3y L; (17)
KPV = Zé/CONVC, K[V = a)]z\[VC, (18)
where
—ln(0.0S 1—42)
ngI = 5 (19)
Trr
—ln(0.0S 1—§2j
Try

where wy;, wyy are the current and voltage controller
bandwidth respectively; { is the damping coefficient;
Tri, Try are the current and voltage controller response
times respectively. Tx; is chosen to be one tenth of Txy-

Similar to the model of the DC/DC boost converter,
the DC/DC buck converter is shown in Fig. 4,b

* #*
Vo = puck Vi s (21)
« 1
10 _ i Zbuck ) (22)
Abuck

From the average model, the inductor L current and
capacitor C voltage can be expressed in Laplace domain
as:

* *
— abuckVi _VO .

1,(s) - . (23)
V.
]o _nbuck[V;J'Ii
Vo(s)= Cos - (24)

Similar to the DC/DC boost converter control. The
PI controllers gains of the buck converter control circuit
are also determined using (15)—(20).

4. Study of the energy efficiency. In this section,
the study aims to extract the relative power losses X and
the efficiency # depending on the load factor K; and the
load power factor Pr [6, 7]. Since the power losses are
mainly caused by the dispersed power in the wires

resistances in the source, then in the following equations
development only the source resistance R, will be
considered.

The load factor is defined as the ratio between the
short-circuit power P, and the load power P;:

K =R/P; (25)
where P, is the maximum power that can be provided to
the disturbing load without reaction of the protecting
equipment (fuses and circuit-breakers). Its expression is
given by:

T
p =L j el (OR e, (t)d; 26)
0 s s Cs >

T 0
where e, is the vector of the instantaneous values of the
source voltage:

€., (1)
es(t) = esb(t) 5
5 (0)
where R, is the matrix of resistance losses in the cables of
the power system:

@7

R, 0 0
Ro=| 0 R, 0| (28)
0 0 R

where P, is the load power formulated by:

T
Lo
R L QUIGTE (29)
0
where V,, I, are the respective vectors of instantaneous
values of common coupling point voltage and load
current:

Vsa(t) Ila(t)
Vi@ =V ()|, 1) =|11p(0) |; (30)
Ve (8) 1;.(2)

where P is conventionally defined as the ratio between P,
and the apparent power S given by [6]:

T T
N L O oD T )
=17 £ vIORTV, (1t { ITOR I (Hdt;  (31)

where I; is the vector of instantancous values of the
source current:

IS[l (t)
I (t)=| I (1) |
ISC (t)
The power losses AP are the difference between the

source power P; given by:
T

(32)

1
P =— [ e, (0dr; (33)
T
0
and P;:
AP =P~ F; (34)
on the other hand AP can be expressed by:
15 52
AP=— j 1T ORI, (Hdt = . (35)
1 _
0 7 [V ORI @)di

0
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T
The term %IVST R, le (t)dt corresponds to the
0

useful power at the common coupling point P,
(T
T p-l
Ri=w { VL OR;V, (0)dt =

T

=F = %J‘[es(t)_Rs[s(t)]Rs_l[es (t)_Rs[s(t)]dt =

0

T T
1 . 1 .
- £ el ()R e, (t)dt - (j) ITORR e, (Hdt -

T T
—% j el (OR;'R,I, (t)dt+%j1§ (O)R,R'R I (1)dt = (36)
0 0

1 T 1 1 T
=7 £ ef (R ey ()t —— i 1L (e, (t)dt -

1 £ -
= { ef OOt +— { ] (ORI (1)t =

=Fy~P,~P,+AP=Fy~PF,~ P, +P, - F;
=P, =F-P,-P.

The efficiency # is the ratio between the load power

and the source power:

g BB 1
P, B+AP | AP’
B
From Pr=P/S, one can conclude that:
_s?__ B
P, PE+P,
p— 1 .
77_ })l s

1+ 3
Pr(By—F - F)

2 2 2
= nPp By —nPr Py —nPr Py + 1k —
—PEPy+ P3P, + PAP =0,

2 By 2 b 2
= nPE Y PR ZS _pp? 4 -
77FPI 77FPI nrg +n

2R 2B 2
—-Pr—+P;—+P;=0;
FPI FPI F

N 772(1 +(PA(K; —1)))— PAK n+PE=0.

The determinant of (42) is given by:
A:(K% —4K; +4)PF —4P? > 0;

2
K
A>0:>—L—KL+1—%>O
4 Pr;
=K >2+i;
Pr

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

PrKj ++/(K; -2)* P2 -4
_PrKy (K -2)"Pp . 5)

2(131+PF(KL —1))

=17

F

On the other hand and using the relative power
losses X (X=4P/P)) in the efficiency formula:
1
=>X=—-1 (406)
1+X n
5. Simulation results discussion. In this section
simulation works about the previous study are presented.
They were carried out using MATLAB/Simulink software
and considering the parameters reported in Table 1.

]7:

Table 1
Simulation parameters
Parameter Value
Pﬁ?nnms Pbatmax 24 kW, 21 kW

1.6452 kW, 13.348 kW
3162 W, 80.1%
Vitimax =400 V, f=50 Hz
Tamax = 60.01 A
R,=0.5414Q, L,=17mH
R/=84Q, L;=50mH

P fclows P fchigh
Pfcidlw initial SOC

AC supply voltage,

Maximum source current

Supply impedance

Rectifier load
Output filter impedance | R,=2.063 Q, L;= 1 mH, C;= 30 pF

R,=042Q, L,=41.563 mH
Viemae = 1694 V, C,.=617.18 iF,

Upstream impedance

DC-bus Re=60Q, L, =0.5mH
PI voltage fevae=20Hz, ¢.py.=89.9°
PI current ](d/: 10 kHZ, ¢(,1f= 89.9°

Figure 6 present the imposed values of the state-of-
charge SOC (Fig. 6,a) and the regulated duty cycles o FCBoosis

% k .
O. BattBoost and a BattBuck (F 1g. 6)b)

100

-
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e
o
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o

o
)
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)
=
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®
-
°
-
N
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Fig. 6. a —the imposed state-of-charge (SOC);
b — regulated duty cycles of DC/DC FC and battery converters

The imposed SOCs were chosen to meet the energy
management algorithm cases [9]; their values vary between
35 % to 85 %. Accordingly, the regulated duty cycles of
the boost mode of the DC/DC converters vary between
0.41 and 0.9 for the FC converter and between 0.58 and
0.88 for the battery converter. In the case of the battery
buck mode, the duty cycle varies between 0 and 0.4.
Since the battery begins alone to feed the DC bus until the
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FC enters in operation, a guupoos; 1S SUPETIOT tO O FcBoost-
Then, the two duty cycles become superimposed in their
evolution once the FC is operational. For the case of

ot BanBucks ONE can observe that it is null all the time except
when the battery is in the charging mode (case of
P jcidle<P dem<P felow and SOC<80 %) and P, dem>P felow and

SOC<80 % [9]). The value of a*Bm,Buck is low because of
the low percentage of the battery discharge.

Now, which concerns the different considered
powers (Pyems Pres Prar), the results are displayed in Fig. 7.
The results are presented into two shutters. The first one
deals with the obtained powers before regulating the duty
cycles (Fig. 7,a) while the second one shows the powers
after activating the duty cycle regulation loops (Fig. 7,b).
It is obvious that there are some differences, especially for
P, and P, from their respective reference values
obtained from the energy management algorithm [9],
before regulating the DC/DC converters duty cycles
(Fig. 7,a). However, the differences disappear when the
duty cycles are regulated (Fig. 7,b).
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Fig. 7. Reference and measured powers of the demand,
the FC and the battery.

a — before duty cycles regulation; b — after duty cycles regulation

Figure 8 depicts the input/output currents and
voltages, with their respective references, of the DC/DC
converters. Figure 8,a shows the FC input reference

current / ., the FC input measured /; and the measured
output current /.. Notably, /. is perfectly following its

reference / ;.. Which concerns I, it is all time inferior to
Iy, because of the boost mode of the FC DC/DC
converter. The same observation can be pointed-out for
Fig. 8,b concerning the battery currents in the boost mode
of its converter. Figure 8,c shows the battery currents
when its converter is in the buck mode where low values
are noted compared to the boost mode values. Figure 8,d
presents the demand current measured 1, in the DC bus
which is the sum of /,. and I, Similar remarks can be
given for the different input/output voltages (Fig. 8,¢ to
Fig. 8,g), only this time, output voltages are superior to
input voltages in the boost mode (Fig. 8,e and Fig. 8.,f)
and vice-versa in the buck mode (Fig. 8,g). Finally,
Fig. 8,h portrays the demand voltage superimposed to its
reference. Different reference voltage levels were

imposed in order to meet the energy management
algorithm cases [9].
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Fig. 8. Input and output measured and reference currents and
voltages of DC/DC converters:
a —DC/DC FC boost converter currents;
b —DC/DC battery boost converter currents;
¢ — DC/DC battery buck converter currents;
d — the demand current;
e — DC/DC FC boost converter voltages;
f—DC/DC battery boost converter voltages;
g — DC/DC battery buck converter voltages;
h — the demand voltage

Figure 9 concerns the filtering instantaneous results
in the AC feeder of Fig. 1 after inserting the SAPF.
The displayed curves are related to the 3-phase current
absorbed by nonlinear load (Fig. 9,a), the AC source
3-phase current (Fig. 9,b) and the 3-phase point of
common coupling (PCC) voltage (Fig. 9,c). It is noted
that the load current is hardly distorted while the source
current and voltage are near-sinusoidal waves.

9.01 9.02 9.03 9.04 05 9.06 9.07 9.08 9.09 9.

A

100

1(A)
o

-1 00

t(s)

9 9.01 9.02 9.03 9.04 9.05 9.06 9.07 9.08 9.09 9.1

VPCC, mee VPCC oo VPCC

901 902 90

s )9 05 9. 06 9. 07 9. 08 9. 09 9.1

c

Fig. 9. Results after inserting the SAPF:
— load current; b — source current; ¢ — PCC voltage

The harmonic spectrums shown in Fig. 10 provide
frequency analysis before and after inserting the
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regulation loops of the DC/DC converters duty cycles.
The total harmonic distortion (THD) of the load current is
around 25 % (Fig. 10,a), the THD of the source current
before regulating the duty cycles is 2.38 % (Fig. 10,b) and
the source voltage THD is 3.03 % (Fig. 10,c). After
inserting the duty cycles regulation loops the source
current and voltage THDs % decrease respectively to
2.08 % (Fig. 10,d) and 2.92 % (Fig. 10,e) which means an
improvement in the filtering quality when activating the
regulation of the DC/DC converters duty cycles.
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Fig. 10. Harmonic spectrum of: @ — load current.
Before duty cycles regulation:
b — source current; ¢ — PCC voltage.
After duty cycles regulation:

d — source current; e — PCC voltage

In Fig. 11 the results concerning the SAPF are
presented.
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Fig. 11. A zoom in for V*dﬁ. =1694 V:
a — the APF current I, with its reference;
b — modulator with carriers;
¢ — DC-bus voltage levels;

d — output filter voltage

Figure 11,a shows the current of the SAPF with
perfect agreement with its reference. Figure 11,b

illustrates the modulating signal (I*f — Iy varying inside
its carrier signal which means a satisfying operation of the
considered pulse-width modulation (PWM) strategy.
In Fig. 11,c the regulated two voltages of the DC bus V,
and V., are presented. One can observe that they evolve

in an opposite manner around V*dc/2 (the case of

V*dc =1694 V is considered). Finally, the output voltages
of the SAPF are shown in Fig. 11,d where 3-levels can be

read: =2V /3 (1126 V), =V ,/2 (845 V), and =V /3
(565 V) which demonstrates a good behavior of the
3-level SAPF.

Figure 12 concerns the power quality
characterization using the instantaneous THDs of the
source current and voltage (Fig. 12,a), the source current
unbalance rate (CUR) (Fig. 12,b) and both power factors
of the source and load (Fig. 12,c). During a transient
state of 4 s, the THDs are exceeding the standardization
limits (5 %). After that, they remain below the limit. The
CUR is all time low, and the source power factor is
near-unity.

0.1 T

PR RCRRCIR
" M,

RN

Fig. 12. Curves: a — total harmonic distortion THD;
b — current unbalance rate (CUR);
¢ — power factor

Figure 13 presents the obtained result from the
energy efficiency study of the system of Fig. 1.

Figure 13,a depicts the short-circuit power P, that
increases linearly from 0 and stabilizes at 293 kW after
0.02 s. Figure 13,b shows the load power P, which
stabilizes at 23.31 kW. Figure 13,c illustrates the ratio
between P, and P, describing a decreasing curve that
stabilizes at 12.36 while the power factor Py of Fig. 13,d
is an increasing curve that trends towards 0.96 (near-unity
value). In Fig. 13,e one can observe that (44)
(K >2+(2/Pp)) is satisfied all-time.
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Fig. 13. The instantaneous: a — short-circuit power;
b —load power; ¢ — load factor; d — load power factor;
e — K; and 2+(2/Py)

Figure 14 concerns the results about the relative
power losses X and the efficiency 7. As shown in
Fig. 14,a presenting X vs. P for different values of K,
the relative power losses X decrease when both Py and K,
increase. The same observation can be pointed-out for X
vs. K; for different values of P (Fig. 14,b). Now, for the
efficiency #, one can observe that it increases when Pr
and K increase as portrayed in Fig. 14,c (5 vs. Pr for
different values of K;) and Fig. 14,d (n vs. K, for different
values of Py).

1

Conclusions.

In this paper, the focus was on studying the energy
efficiency of a system based on a 3-level shunt active
filter powered by a hybrid FC/battery DC bus. The first
part of the presented and discussed works concerned the
duty cycles regulation of the DC/DC converters
controlling the powers of the FC, the battery and the
demand together with an energy management algorithm.
When comparing the obtained powers before and after
regulation of the duty cycles, it was obvious that better
following of these powers to their references (obtained
from the energy management algorithm) is reached for a
regulated duty cycle. The second part of the works
concerned the energy efficiency study tacking into-
account the short circuit power, the load power; the ratio
between them noted the load factor and the load power
factor. The studies were established on the relative power
losses and the efficiency. The theoretical equations and
simulation results demonstrate that more the load factor
and the load power factor are increasing, more the power
losses decrease and the efficiency increases. Future works
are based on developing an optimization algorithm that
improves the whole system behavior.
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