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Abstract. Nonlinear loads have destructive effects in power systems. Active fil-
ters have been used as a solution to this problem. This paper presents the ap-
plications of five-level diode clamped Active Power Filter (APF) to the en-
hancement of medium voltage network power quality by compensation of har-
monic currents produced by a nonlinear load. In the first part, the authors
present a topology of five-level diode clamped Voltage Source Inverter (VSI),
and its simplified Space Vector Pulse Width Modulation (SVPWM) control
strategy. In the second part, to remedy to instability problem of the input DC
voltages of this APF, the authors propose to use a clamping bridge filter. After
that, the sliding mode regulator used to control the APF is developed. The si-
mulation results confirm the suitable performance of the filter after balancing
the DC bus and using the sliding mode regulator.

Keywords. Active Power Filter, Clamping bridge filter, Multilevel converter,
Space Vector Pulse Width Modulation (SVPWM)

1. Introduction

The wide use of nonlinear loads such as rectifiers, and cycloconverters has increased
the harmonic and reactive power problems in AC lines [1]. These problems were
partially solved in the past with the help of LC passive filters. However, this kind of
filters cannot solve random variations in the load current waveform, produced by
spikes or sudden amplitude variations. To solve these problems, shunt active power
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filters have been developed, which are today widely investigated. These filters work as
a current sources, connected in parallel with the non-linear load, generating the har-
monic currents the load requires. In this form the mains only needs to supply the fun-
damental, avoiding contamination problems along the transmission lines. Besides,
with an appropriated control strategy, it is also possible to correct power factor and
unbalanced loads.

Research on the shunt active filters implied different works concerning the harmon-
ic identification methods such as Fourier transform method [2], the method of syn-
chronous reference frame (d-q) [3], and control strategies such as sliding mode regula-
tors, artificial neural networks and fuzzy logic controllers. The structure of the filters
also knew an evolution, from two-level converters to multilevel converters. In high
power applications, this latter is more adequate, compared to the conventional two-
level structure, simply because of the low harmonic distortion rate of source voltage
and current, low switching frequency besides no need to use transformer [4]. Various
topologies are developed such as flying capacitor multilevel converters, diode
clamped multilevel converters, NPC multilevel converters, and H bridge multilevel
converters.

In this paper, first part is dedicated to the presentation of the model of the three
phases five-level diode clamped VSI with its simplified SVPWM control method. In
the second part, to remedy to instability problem of the input DC voltages of this APF,
the authors propose to use a clamping bridge filter. This APF is applied for the en-
hancement of medium voltage network power quality by compensation of harmonic
currents produced by a nonlinear load (Fig. 1). At the end the simulation results of
sliding mode controlled APF are presented.
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Fig. 1. Synoptic diagram of application of shunt APF on power supply fed a nonlinear load
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2. Structure of five-level inverter

Structure of five-level diode clamped inverter is shown in Fig.2. Each leg is composed
of four upper and lower switches with anti-parallel diodes. Four series dc-link capaci-
tors split the dc-bus voltage in half. The necessary conditions for the switching states
for the five-level inverter are that the dc-link capacitors should not be shorted, and the
output current should be continuous [5].
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Fig. 2. Five-level diode clamped voltage source inverter
Each leg of the inverter has five possible switching states (Tab.1):

State P2: The upper switching devices S1x, S2x, S3x and S4x (x = 1, 2 or 3) are
turned on. The output phase to neutral point voltage Vxn = E/2.

State P1: The switching devices S2x, S3x, S4x and S5x (x = 1, 2 or 3) are turned
on. The output phase to neutral point voltage Vxn = E/4.

State 0: The switching devices S3x, S4x, S5x and S6x (x = 1, 2 or 3) are turned on.
The output phase to neutral point voltage Vxn=0.

State N1: The switching devices S4x, S5x, S6x and S7x (x = 1, 2 or 3) are turned
on. The output phase to neutral point voltage Vxn = -E/4.

State N2: The lower switching devices S5x, S6x, S7x and S8x (x = 1, 2 or 3) are
turned on. The output phase to neutral point voltage Vxn = -E/2.

3. Inverter output voltages

For each switching device Sij (i = 1- 8, j = 1,2 or 3), we define a Boolean function Fij
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as:

1 ifS;is ON (1)
"o ifsS; isOFF
The complementarities between upper and lower switching devices of each leg im-
pose the following equations:

Fy=1-F,,,; i=5t08 @)

Table 1. States of five-level inverter

Ssv;lrf&;?sg Switching States Output
Voltage|
Sit Siz Sia Sia Sis Sie Siz Sig
p2 ON ON ON ON| OFF OFF OFF OFH E/2
P1 OFF ON ON ON ON| OFF OFF OFF E/4
0 ON| OFF ON ON ON ON| OFF OFH 0
N1 OFF OFF OFF ON ON ON ON| OFH -E/4
N2 OFFf OFF OFF OFF ON ON ON ON -Ef2

For each leg of the inverter, we define five connection functions (one for each
switching state) as:

Faj = FiFe Ry Ry
Fooj = R FsiFuiFs;
Faj = F3FaFs;Fs; 1=120r3 )
Feaj = FuFsF6F
Fesj = Fs;F6;FriFs;
The output phase voltages with reference to neutral point (n) of DC bus voltage are:

E/2
Vi Fau Fau Fer Fer Fes E/4 (4)
Voo [=|Fae Fee Fex Fer Fes 0
V3n FclS Fc23 Fc33 Fc43 cha -E/4
-E/2
Fig. 3 shows the space vector diagram for five-level inverter.
Since five kinds of switching states exist in each leg, this converter has 125 switch-
ing states. The output voltage vector can take only 61 discrete positions in the diagram
because some switches state are redundant and create the same space vector.



1638 1J-STA, Volume 5, N°2, December, 2011.

Ao,

MoPGM,  MiPaN: DR, PN, PaPiN
NPEN, NP 0PN | I'.1|'_.'~._ BabaMy PPN
MaN O NiFN: | DRN: RN,

NP N0 OG0 B0 RO
BTl ) 1 o A

NP,
7 - B
4 e L P,
NP e, ORP BB
A TP L T 1]
RO o NN

NP Py N{(’- AT [|> rl'l (. 1
fer MR e

W, __“-, x"_.es;_.n SO N

MyP(Fs tp,b,
ot %

0NN, /
Maoby A MO, pop, PP, . st
r :\:‘“; -‘\‘.‘ﬁ\- Boohp, PR I:J.-.Gl{. N0
MM i . N0
4 NO Ko oNB
MNP NP ONp.  ERNIE PP Bl
NP, MNP, GNP, BINGR

NPy MONGE,  OMGF, PR, PGP

Fig. 3. Space vector diagram of a five-level inverter

4. SVPWM for five-level inverter

4. 1. Space vector modulation for two-level inverter

Fig. 4 shows the structure of two-level inverter. Each one of the three phases of the
inverter has two switches and two freewheeling diodes. Depending on the values of
the switching signals, the two-level inverter has eight states, summarized in table 2,
where it is also indicated the output voltage vector produced in each state. These out-
put vectors are shown on the space vector diagram of Fig. 5. It is also indicated an
arbitrary reference vectorV *, to be generated by the inverter.

Table 2. States of two-level inverter

\oltage
State vector

Tn
Tn

o
Tn

o

Vo
Vi
V2
V3
V4
Vs
Vs
V7

~N|o|o|s|wn|k|o
Rk~ |~|o|lo|lo|of o
|k |o|lo|k|k|o|o
~|o|k|o|k|o||o
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The desired voltage vector, V~, located in a given sector, can be generated by a li-
near combination of the two adjacent base vectors, v, and vy, which are framing the
sector, and one of the two zero vectors v,.

Wdc

Fig. 4. Two-level inverter structure

it Vi

Fig. 5. Space vector diagram of two-level inverter

Vi=dy, +d,v, +d,y, (%)
dy, dy and d, denotes the so called duty ratios of states X, Y and Z of the inverter

within the switching interval, respectively. The duty ratios d,, d, and d, are calculated
as [6]:

d, = (V*|//2/3V,,) (sin(60-6)/sin(60)

d, =(V|/y/2/3v,,) (sin(6) /sin(60)) (6)
d,=1-d, -d,
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4. 2. Simplified SVPWM for five-level inverter

The space vector diagram of a five-level inverter can be thought that is composed of
six hexagons that are the space vector diagrams of the three-level inverters [7]. Each
of these six hexagons, constituting the space vector diagram of a three-level inverter,
centers on the six apexes of the medium hexagon as shown in Fig.6.

To simplify into the space vector diagram of a three-level inverter, two steps have
to be taken. Firstly, from the location of a given reference voltage, one hexagon has to
be selected among the six hexagons. There exist some regions that are overlapped by
two adjacent hexagons. These regions will be divided in equality between the two
hexagons as shown in Fig. 7. Each hexagon is identified by a number S defined in
equation (7).

AV AVAY
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Fig. 6. Simplification of a five-level space vector diagram into two-level space vector diagram

Secondly, we translate the origin of the reference voltage vector towards the center
of the selected hexagon as indicated in Fig. 8. This translation is done by subtracting
the center vector of selected hexagon from the original reference vector. Table 3 gives
the components d and q of the reference voltage V3* after translation, for all the six
hexagons. The index (5) or (3) above the components indicate five or three-level cases
respectively.

Fig. 7. Division of overlapped regions
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f —z/6<0<x/6
if z/6<0<x/2
if 7/2<0<5x/6
if 57/6<60<7rx/6
if 77/6<6<3r/2
if 37/2<60<11x/6

U]

D OB W DN P

Table 3. Correction of five-level reference voltage vector

s vy Vo
1 vy —1/2 vy
2 vy -1/4 v -+/3/4
3 vy +1/4 v —4/3/4
4 vy +1/2 v
5 vy +1/4 v +4/3/4
6 vy -1/4 v +4/3/4

aNaNy

Fig. 8. Translation of five-level reference voltage vector

To simplify into the space vector diagram of a two level inverter, we have to take
the two steps mentioned above. Fig. 9 shows the translation of three-level reference
voltage vector. The correction of its reference voltage vector is presented in table 4.
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Fig. 9. Translation of three-level reference voltage vector
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Table 4. Correction of three-level reference voltage vector

s vy vy
1 vy —-1/4 vy
2 vy -1/8 v -+/3/8
3 vy +1/8 v’ -+3/8
4 vl +1/4 vy
5 v +1/8 v +4/3/8
6 v&-1/8 v +4/3/8

5. Modeling and control of clamping bridge

The clamping bridge cell is a simple circuit constituted by a transistor and a resistor in
series connected in parallel with a capacitor as shown in Fig. 10. The transistors are
controlled in order to maintain the equality of the different voltages [8].

In this part, the model of this filter with clamping bridge is defined by the following
equation:

C,(dU,, /dt) = Ired, +ir,,., +icq.,, —id; —ir, (8)
with: i = T,(U, /R))
The transistor is controlled using the following algorithm:
g = Uci - Ucref
9)

if & >dr on a T, =1=ir=T,(U,;/R,;)
if ¢, <—dr on a T,=0=ir,=0
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dr : hysteresis band width.

ITri+1 Toci+1

ITredi IAai

Tri Todi

N
Ti
ci == Ui
Ri

Irecdi-—1 Tai—1

Iri-—-1 Toi—1

Fig. 10. Clamping bridge cell

6. Active power filter control

Active power filter is controlled using sliding mode regulator [9],[10]. From the mod-

el of active filter associated to supply network (10) and by considering the error be-

tween harmonic current reference and the active filter current as sliding surface (11),

and the smooth continuous function as attractive control function (12), one gets the
control law (13).

Vi =V =Ryly + L (di /dt) (10)

with: Vi =V = Riig — L (dig /t) 5 K=12and3

Sy = ifrefK _ifK (11)

U, =k(S, /(S +2)) (12)

Viere = Ryl + Ly (digege /) +V +K (S /(‘Ss‘-l—j‘)) (13)

7. Simulation results

A medium voltage source of 5.5kV, 50Hz feeds a nonlinear load as illustrated in Fig.
1. This load produces a distorted current of 62 % THD which is above the tolerated
THD limit standard. This current with its spectral analysis are presented in Fig. 11.

Fig. 12 shows DC bus capacitors voltages of APF before and after application of
clamping bridges. Before t=2s, these voltages are unbalance. Application of clamping
bridges allows getting stable capacitors voltages around there reference of 3kV.

Reference identified harmonic current ifrefl and output filter current ifl are almost
identical as presented in Fig. 13.

Fig. 14.a presents main source voltage Vsl and current isl after harmonic current
compensation. Spectral analysis is presented in Fig. 14.b. It is shown that source cur-
rent is almost sinusoidal with THD less than 5% and unity power factor.
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Simulation Parameters:

Main source:

V(ph-ph) =5.5k V, f =50 Hz, Rs = 0.0001Q, Ls = 0.001H.
Load:

L=0.005H,R=20Q,C=0.01F .

Active power filter:

Rf=0.0001 Q, Lf=0.0025 H, C=0.05 F, fc =3 kHz.
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Fig. 11. Current drawn by the nonlinear load THD = 62%
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Fig. 12. DC bus capacitors voltages of five-level APF
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Fig. 14. Main source voltage Vsland current is1 with its spectral analysis (THD=3.2%)

8. Conclusion

This paper presents a simplified SVPWM associate with sliding mode regulator for a
diode clamped multilevel converter with equal input DC sources. The model and the
simplified SVPWM of this power converter have been developed. After that, a clamp-
ing bridge filters has been introduced to solve the instability problem of the DC
sources. A simulated system of a shunt APF based on five-level diode clamped con-
verter is established. Simulated results verify that this APF can compensate the har-
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monic currents and reactive power correctly and validly, which has perfect prospect in
engineering application.

References

1. Heydt, G. T., Hoffman, S. P., Risal, A.: The impact of energy saving technologies
on electric distribution system power quality, in Conf. Rec. Int. Symp. Industrial
Electronics, (1994) 176-181.

2. Choi, J. H., Park, G. W., Dewan, S.B.: Standby power supply with active power
filter ability using digital controller, Proc. IEEE APEC'95, (1995) 783-789.

3. Bhattacharya, S., Divan, D.M., Banerjee, B.B.: Active filter solutions for utility
interface, Proc. IEEE ISIE'95, (1995) 1-11.

4. Corasaniti, V.F., Barbieri, M.B., Arnera, P.L., Valla, M.1.: Hybrid Power Filter to
Enhance Power Quality in a Medium-Voltage Distribution Network, IEEE Trans.
on Industrial Electronics, vol. 56 n. 8, (2008) 2885-2893.

5. Lalili, D., Lourci, N., Berkouk, E.M., Boudjema, F., Petzoldt, J., Yasin Dali, M.:
A Simplified Space Vector Pulse Width Modulation Algorithm For Five Level
Diode Clamping Inverter, International Symposium on Power Electronics, Elec-
trical Drives, Automation and Motion, (2006) 21 — 26.

6. Van Der Broeck, H.W., Skudelny, H.C., Stanke, G.V.: Analysis and Realization
of a pulse width modulation based on voltage space vectors, IEEE Transactions
on Industrial Applications, vol. 24, n. 1, (1988) 142-150.

7. Lalili, D., Berkouk, E.M., Boudjema, F., Lourci, N., Taleb, T., Petzoldt, J.: Sim-
plified space vector PWM algorithm for five-level inverter, Eur. Phys. J. Appl.
Phys, vol. 40 n. 3, (2007) 335-342.

8. Bouchafaa, F., Berkouk, E.M., Boucherit, M.S.: Modelling and control of a pow-
er electronic cascade for the multi DC bus supply, The International Journal for
Computation and Mathematics in Electrical and Electronic Engineering, vol. 27 n
5, (2008) 1128-1143.

9. Slotine, J. J., Li, W.: Applied Nonlinear Control (Englewood Cliffs, NJ: Pren-
tice-Hall, UK, 1991)

10. Utkin, V.I.: Sliding mode control design principles and application to electric
drives, IEEE Trans on Elect, vol. 40, (1993) 23-36.



