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a b s t r a c t

A transformer less Shunt Active Power Filter (SAPF) for medium voltage distribution networks based on
Multilevel Diode Clamped Inverter is presented in this paper. Converter current control is based on a
Model Predictive strategy, which gives very fast current response. Also, the algorithm includes voltage
ccepted 29 June 2010
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balancing capability which is essential for proper converter operation. The presented current control
algorithm is naturally applicable to converters with an arbitrary number of levels with reduced compu-
tational effort by virtue of the incorporation of switching restrictions which are necessary for reliable
converter operation. The performance of the proposed algorithm is evaluated by means of computer
simulations.

© 2010 Elsevier B.V. All rights reserved.

redictive control

. Introduction

Proliferation of electronic drives and power supplies in indus-
rial and residential installations has led to extensive power system
uality degradation. High levels of current harmonics and voltage
ave shape distortion results in system components overheating

nd premature failure among other undesirable effects. This has
ncreased the concern about power quality issues leading to new
oncepts and technologies for the mitigation and reduction of these
roblems [1].

Although several converter topologies are being taken into
ccount as implementation alternatives for AC/DC power supplies
2], present installations need external custom solutions for the
ccomplishment of the new power quality standards [3]. In this
ense, traditional solutions based on inductors, capacitors and/or
esistors, and the more complex FACTS-based devices form a set
f choices to address this problem. According to the particular
ecessity, solutions may vary from standard passive filters, to
onverter-based filters and more complete solutions as Universal
ower Quality Conditioners for critical processes.

Regarding harmonics filtering, Active Power Filters have
dvantages regarding versatility and adaptability to changing oper-

ting conditions. Also, controllers are completely programmable
epending on the control goals, with the same power electronic
latform. Regarding harmonic filter controllers, there are lots of
ew control strategies to determine the harmonic currents to be

∗ Corresponding author. Tel.: +54 0221 4259306; fax: +54 0221 4259306.
E-mail addresses: santiago.verne@ing.unlp.edu.ar, santiagoverne@gmail.com

S.A. Verne).

378-7796/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.epsr.2010.06.019
compensated. Several approaches were developed and analyzed
such as rotating integrators, wavelets assisted methods, PQ theory
and intelligent algorithms [4].

Also, new achievements in the development of high power
and high voltage electronic switches have pushed forward the
applications to higher voltage levels jointly with new converter
structures and topologies [5,6]. In this sense, depending on the
selected converter topology, each one has their own control prob-
lems. In particular, the Diode Clamped Multilevel Inverter (DCMI)
with more than three levels has problems with the DC link volt-
age balance, thus an implementation of a robust voltage balancing
algorithm is mandatory [7]. Then, a whole control approach can be
implemented for the search of converter switching states that leads
to the better set of controlled output variables but also its inner vari-
ables, the DC capacitors voltages. This suggests that an optimization
strategy is adequate to reach an acceptable global performance of
the controlled variables. In this sense, the Model Predictive Control
(MPC) approach is a promising alternative because their advantages
rise when the control problem consists in the control of a set of vari-
ables that are linked together and to the control action. Regarding
MPC application to power converters control, this technique has
the additional advantage of the discrete nature of switching con-
verters. This inherently limits the control action to a finite set of
possibilities.

In fact, MPC has proven to be a very successful approach for
power converters control [8]. Several works deal with MPC of two

level inverters both in front-end and load applications. In these
cases, current control is achieved through the evaluation of a cost
function that measures the error between reference and predicted
currents. Also, three level DCMI’s were controlled successfully
[9,10], taking into account current control and ripple minimiza-

dx.doi.org/10.1016/j.epsr.2010.06.019
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:santiago.verne@ing.unlp.edu.ar
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Fig. 1. Block diagram.

ion of the DC bus middle point. Finally, in [14] a control algorithm
ddresses the current control and the DC bus voltage balance of
four level converter using all the switching states. However,

t is worth mentioning that as converter levels increase (N), the
vailable switching states also increases as N3, which rises to an
verwhelming computational effort.

In this work we present a Shunt Active Power Filter for medium
oltage distribution networks which avoids the use of a coupling
ransformer. This is achievable through the utilization of a Multi-
evel Diode Clamped Inverter as the power electronic interface. The
onverter control is performed by means of a predictive control
lgorithm that optimizes the DC bus voltage balance and also per-
orms the line current control with no need for converter averaged

odels. This leads to excellent dynamic behavior in comparison
ith traditional linear nested current control loops. Also, the neces-

ary restrictions on switching state transition for suitable blocking
oltage clamping of the electronic switches reduces computational
ffort, through the limitation of the possible switching combi-
ations from N3 to 33. Also, given to the independence of this
witching restriction respect to the number of levels considered,
he strategy can be applied to a converter of an arbitrary number
f levels with almost constant computational effort.

. System description

Fig. 1 shows a block diagram of a Shunt Active Power Filter for

he compensation of harmonics and reactive currents generated by
nonlinear load.

The nonlinear load draws a current iL that is composed of funda-
ental active and reactive currents but also harmonics. The power

lter supplies the reactive and harmonic components in the point of

Fig. 2. Power c
ms Research 80 (2010) 1543–1551

common coupling (PCC) so that the utility only provides sinusoidal
current with high power factor.

The power controller is based on the definition of instantaneous
power variables (a review of this theory and its application to power
filtering is presented in [1]):

p = v˛i˛ + vˇiˇ = p̄ + p̃
q = vˇi˛ − v˛iˇ = q̄ + q̃

(1)
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fa, fb, fc : phase variables

Eq. (1) expresses the real and imaginary power drawn by the non-
linear load. Power controller generates the SAPF current references
for the modulator to compensate the reactive and harmonic real
power. This is, active power p̄ is supplied by the utility and funda-
mental reactive power q̄ and also harmonic terms p̃ + q̃ are supplied
by the power filter at the PCC, so that the utility only provides sinu-
soidal in-phase current. Fig. 2 shows power controller calculation,
where a power loss component p̄loss is added to stabilize the DC bus
voltage.

The schematics of the filter connection is presented in Fig. 3,
where an N level DCMI is used as the power interface. This type of
converter can be directly connected to the medium voltage distri-
bution network without the use of a coupling transformer, which
represents a significant decrease in system cost and complexity.

The figure includes the coupling inductor with impedance Zf, the
line inductance LS and the load to be compensated. The rated DC
bus voltage is (N − 1)Vc, and the maximum peak line voltage that
can be synthesized by the converter is (N − 1)Vc.

Fig. 3 Given that the system is three wired without neutral con-

ductor, the filter currents are determined by line voltages eab, ebc,
Vab and Vbc where the last two can only assume values which are
multiples of Vc from −(N − 1)Vc to (N − 1)Vc. Then, a representation
in terms of line voltages can be used, independently of the load
connection.

ontroller.
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Fig. 3. Power system

The circuit equations for the system shown in Fig. 3 are:

Vab − L
diaf

dt
− Riaf + L

dibf

dt
+ Ribf − eab = 0

Vbc − L
dibf

dt
− Ribf + L

dicf

dt
+ Ricf − ebc = 0

iaf + ibf + icf = 0

(2)

he modulator is based on a model predictive strategy with multi
bjective optimization including converter currents and voltage
alance control. This approach complies with the strict demands
f fast dynamic response, and allows to easily embed the voltage
alance control of DC bus capacitors, assuring reliable operation of
he power converter.

. Converter modulator

The proposed modulator must satisfy two fundamental aspects:
urrent control on converter outputs and voltage balance control on
ts DC bus capacitors. Secondly, additional parameters can be con-
idered to be optimized such as device switching frequency and
ommon mode voltage among others [11]. In this sense MPC is an
ppropriate control strategy to address multiple parameter opti-
ization by means of variables prediction and the evaluation of
carefully designed cost function. This control method is based

n the knowledge of the system parameters and the obtainable
uture states for control action, in this case, the converter switching
ombinations.
In this regard, the possible switching states increase as much
s N3, where N is the number of voltage levels of the converter.
his constitutes a significant problem due to computing limita-
ions given that MPC needs the calculation of line currents (which
epends on the N3 converter states) and the N − 1 capacitor volt-
roposed active filter.

age deviations for all switching combinations in every optimization
cycle.

However, from one sampling instant to the next, the set of con-
verter states can be reduced taking into account that converter
leg voltages can only vary between consecutive levels in order to
ensure correct voltage sharing on converter switches [12]. Also, this
constrain reduces dV/dt and the consequent RF emissions.

A functional model of an N level Diode Clamped Inverter is
shown in Fig. 4. At a particular switching period k, the legs of the
converter are connected to nodes ma, mb, mc (ma, mb, mc = 1,. . .,N),
defining the line voltages Vab and Vbc and consecuently Vca. Due
to the voltage transition constraint already mentioned, the future
state of leg voltages must meet the following conditions:{

ma[k + 1] = ma[k] + �a 1 ≤ ma ≤ N and �a = 0, 1 or − 1
mb[k + 1] = mb[k] + �b 1 ≤ mb ≤ N and �b = 0, 1 or − 1
mc[k + 1] = mc[k] + �c 1 ≤ mc ≤ N and �c = 0, 1 or − 1

(3)

This condition relates the possible future switching states with
its predecessor. Moreover, independently of the number of levels
considered, the maximum number of possible switching states for
transition is as much 33 = 27.

This statement reduces the set of variable prediction calcula-
tion from N3 to 27, which is a significant alleviation in terms of
computational efforts, as N increases. For example, in a five level
converter, the maximum possible switching combinations reduces
from 53 = 125, to 27 as explained.
For each possible switching combination the variables of inter-
est are calculated and a global optimization function is evaluated.
Individual weighting can be made multiplying each cost function
by a weighting factor. This allows to emphasize the importance of
each component in the optimization process [11]. The cost function



1546 S.A. Verne, M.I. Valla / Electric Power Systems Research 80 (2010) 1543–1551

n N le

h

g

g
v
K
h
t

3

o
e
p
f

t

A
p

[

T
d
t
o
p

g

T
r

node. Then, the expression of total voltage deviation over capacitor
j is:

�VCj = �VCja + �VCjb + �VCjc j = 1, ...., N − 1 (9)
Fig. 4. Functional model of a

as three terms as shown in (4):

= KI · gI + KV · gV + Kn · gn (4)

I, gV and gn are the cost functions associated with current tracking,
oltage balance and simultaneous leg switching, respectively, and
I, KV, Kn are their corresponding weighting factors. This function
as to be evaluated for the 27 switching combinations, and the one
hat minimizes (4) is selected as the next state of the converter.

.1. Current prediction

Eq. (2) allows to calculate converter current variations in terms
f system and converter voltages and also coupling inductor param-
ters. This calculation allows the evaluation of each of the 27
ossible switching combinations by means of the associated cost
unction.

Discretizing the derivatives using a forward Euler approxima-
ion, and considering a sampling time TS:

di

dt
� i[k + 1] − i[k]

TS
(5)

pplying (5) and eliminating current ibf in (2), it leads to a matrix
rediction equation of iaf and icf in terms of the other variables:

iaf

icf

]
K+1

= TS

3L

[
−2 −1
1 2

]([
Vab

Vbc

]
K

−
[

eab

ebc

]
K

)

+
(

1 − RTS

L

)[
iaf

icf

]
K

(6)

hese equations are computed for the 27 switching combinations
etermined by expression (3). Each converter state is evaluated by
he cost function (7) which expresses the global current error after
ne sampling period due to the application of each one of the 27
ossible switching combinations:∑ ∣ ∣

I[k + 1] = 1

3
j=a,b,c

∣∣∣ ijref [k] − ijf [k + 1]
ijrefRMS

∣∣∣ (7)

his expression gives the average relative error in converter cur-
ents with respect to the reference values. It is a normalized
vel diode clamped inverter.

expression for current deviation that gives a reference value for
all weighting factors.

The sampling sequence is shown in Fig. 5.

3.2. Capacitors voltage prediction

Capacitors voltage deviation depends basically on converter
switching states. In order to maintain these voltages balanced it is
important to select the correct switching combinations. The same
strategy can be implemented for capacitor voltage balancing than
for converter currents, using a system model and a cost function for
voltage balance optimization. The prediction of capacitor voltages
is performed using the equivalent circuit model presented in [13].
The voltage deviation over each capacitor (Cj) can be calculated in
terms of the phase current entering the node m (Im) sampled at kTS.
Looking at Fig. 4 and following the analysis in [13], it is,

�VCjm =
{

TSIm(kTS)
C

1 ≤ j ≤ m − 1

0 m ≤ j ≤ N − 1
with

{
j = 1, . . . , N − 1
m = 1, . . . , N

(8)

Note that the voltage deviation depends on the relative position of
the considered capacitor with respect to the node where current
is injected (m). The actual voltage deviations on each capacitor are
calculated summing up the individual contribution of each phase
current. That is the effects of currents Ia, Ib and Ic, entering to nodes
ma, mb or mc respectively. Voltage contributions are calculated with
(8) replacing Im with each phase current and the corresponding
Fig. 5. Sampling sequence.
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T
f
c

g A leg voltage transition can be made by commutating one, two
Fig. 6. Flow diagram for current and voltage balance control.

his model allows to calculate voltage deviations over all capacitors
or each leg combination. In each sampling time the 27 switching
ombinations are evaluated by means of the cost function (10):

V = 1
(N − 1)VCref

(
∣∣EVc1[k] − �VC1[k + 1]

∣∣

+

∣∣EVc2[k] − �VC2[k + 1]
∣∣ + · · ·

+
∣∣EVc(N−1)[k] − �VC(N−1)[k + 1]

∣∣) (10)

Fig. 8. Line voltages of the converter and the supply
Fig. 7. Shunt Active Power Filter.

where in this case EVcj[k] represents the capacitor voltage error in
the previous sampling instant referred to its reference value VCref
and �VCj[k + 1] is the predicted voltage variation. Note that, as the
expression of gI, gV expresses the normalized global deviation of
capacitors voltages with respect to their reference value.

3.3. Switching state selection

Besides the current and voltage balance control it is possible to
incorporate additional optimization parameters such as the switch-
ing frequency. Although the optimization of these parameters is not
essential, small deviation of switching sequences may reduce losses
in switching devices and electromagnetic emissions.
or three legs at a time, but also none of them can be modified (future
state equal to present state). Then, the average switching frequency
for each device can be reduced by penalizing simultaneous multiple
leg switching. If n is defined as the number of legs that switches for

at the PCC (a) Vab , eab , (b) Vbc , ebc , (c) Vca , eca .
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Fig. 9. (a) Capacitor voltages, (b) leg “a”

particular transition, the associated cost function may be written
n a normalized way:

n[k + 1] = 1
3

n (11)

This cost function penalizes more severely the transitions with
imultaneous leg switching.

Fig. 6 shows the complete flow diagram of the modulator.
At the beginning of the application of the converter state V[k]

instant kTS), the samples of currents and bus voltages are taken for

he predictions to time (k + 1)TS. The search for the next switching
ombination V[k + 1] begins with the application of Eq. (3) which
efines the subset of possible converter states. Once the 27 poten-
ial future states are generated, it proceeds with the calculation of
lters currents and capacitors voltages and the three components

Fig. 10. Voltage waveforms detail (a) capacitor
e, (c) leg “b” voltage, (d) leg “c” voltage.

of Eq. (4) (Eqs. (7), (10) and (11)). Each evaluation of g is made for
the 27 converter states. The switching state that yields to the lower
value is selected as the next state of the converter.

4. Performance evaluation

A Shunt Active Power Filter is implemented using a 5 level Diode
Clamped Inverter. The whole system is presented in Fig. 7. The
power controller of Fig. 2 calculates the harmonic and reactive
currents to be compensated and sends the compensation current

references to the modulator. Also, a DC bus voltage controller actu-
ates over the power control block to maintain the DC bus voltage
in its nominal value.

The load consists of a three-phase thyristor rectifier which intro-
duces current harmonics to the supply. The DC bus is charged at

voltages. Leg voltage (b) Va , (c) Vb , (d) Vc .
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Fig. 11. Reference and measured filter currents (a) iaref and ia (superim

he rated value of 20 kV and is stabilized by the PI controller. The
ampling frequency is set at 10 kHz which is a practical reasonable
alue [14]. Coupling inductor parameters are R = 5 m�, L = 8 mH,
nd the capacitance is set to C = 4.7 mF. The weighting factors are set
qual to KI = 1, KV = 0.1, Kn = 0.001, as the goal of the algorithm is cur-
ent tracking and the voltage balance and with minor importance,
requency optimization.

Fig. 8 shows the line voltage of the supply and the converter
ine voltages. For optimal current tracking the converter syn-
hesizes smooth voltages between adjacent levels. Fig. 9 shows

he capacitors voltages and the leg voltages of the converter
eferred to the negative of the DC bus. First, an initial unbal-
nce condition is impressed on the capacitors voltages, and the
alancing term of the optimization algorithm is observed to be

Fig. 12. System voltage and currents: (a) voltage and cur
), (b) error (iaref − iaf), (c) icref and icf (superimposed), (d) error (icref − icf).

very effective to balance them in approximately 200 ms. It can
be seen that the algorithm uses all DC bus levels to synthe-
size line voltages in a smooth way. This is, the switching always
takes place between consecutive levels, as expected. Also the
capacitors have stabilized voltages, which is the result of the con-
tribution of the balancing term on the cost function g. The final
value of capacitors voltages is around 5 kV which is the fixed
setpoint.

Fig. 10 shows a detail of the three leg voltages. It can be observed
that switching transitions only occur between adjacent levels. This

has better behavior in terms of dV/dt and electromagnetic emis-
sions. Capacitors voltages have the desired average value with a
ripple of approximately 70 Vpp, which is 1.5% of the nominal volt-
age.

rent upstream the PCC, (b) load and filter currents.
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Fig. 13. Transient response due to sudden load change. (a) Capacitor voltages. (b) Phase voltage and line current. (c) Load current and injected filter current.
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Fig. 14. Transient response due to sudden load ch

Fig. 11(a and c) shows the reference currents iaf and icf from
ower controller and the measurements in the same plots. The
bsolute current errors are depicted in Fig. 11(b and d). During the
mooth part of the currents, the absolute error is approximately
0 A (4%), while when trying to track sudden current changes due
o the nonlinear load the error rises to 50 A. This represents the 10%
f the peak current of 500 A.

System phase voltage and current are shown in Fig. 12. As
xpected, a unity power factor is reached, with small current dis-
ortion. The residual distortion is caused by the design tradeoff
etween the value of the coupling inductor, current ripple and DC
us voltage value.

Finally, Fig. 13 shows the transient behavior when a load is
onnected suddenly on the DC side of the thyristor converter. In

= 0.32 s, the impedance Z is connected in parallel with one of the
ame value, resulting in an equivalent impedance of Z/2.

Fig. 13(a) shows the capacitors voltages, which remain balanced,
ven during the transient time in which the DC bus voltage control
oop sets back the DC bus reference value. In Fig. 13(b and c), line
(a) Capacitor voltages (detail). (b–d) Leg voltages.

current looks almost sinusoidal and filter current compensates the
nonlinear load. Fig. 14 shows a detail of leg voltages in the vicinity
of connection instant. It can be seen that every transition occurs
between adjacent levels, even during transients.

5. Conclusions

A transformer less medium voltage Shunt Active Power Filter
which uses the Multilevel Diode Clamped Inverter is developed and
simulated. The converter is modulated using a Model Predictive
Control approach, which demonstrated very good characteris-
tics of current tracking and DC capacitors voltage balancing. It is
worth noting that the Diode Clamped Multilevel Inverter requires
a voltage-balancing algorithm. Then, the direct current control by

means of the predictive strategy gives fast dynamic response and it
is the best suited to be merged with the balancing algorithm. Also,
the necessary switching restrictions are included in the algorithm
to ensure reliable converter operation and leading to reduction of
computational requirements.



r Syste

A

(

R [

[

[

[

of the IEEE Industrial Electronics Soc (IECON’08), Orlando, FL, USA, 2008, pp.
S.A. Verne, M.I. Valla / Electric Powe

cknowledgements

This work was supported by Universidad Nacional de La Plata
UNLP), CONICET and ANPCyT.

eferences

[1] H. Akagi, E.H. Watanabe, M. Aredes, Instantaneous power theory and applica-
tions to power conditioning, Wiley-IEEE Press (2007).

[2] A.H. Bhat, Pramod Agarwal, Three-phase, power quality improvement AC/DC
converters, Electric Power Syst. Res. 78 (2008) 276–289.

[3] IEC 61000-2-12, Electromagnetic compatibility (EMC). Part 2. Section 12: com-
patibility levels for low-frequency conducted disturbances and signalling in
public medium-voltage power supply systems.

[4] K. Vardar, E. Akpınar, T. Sürgevil, Evaluation of reference current extraction
methods for DSP implementation in active power filters”, Electric Power Syst.
Res. 79 (2009) 1342–1352.

[5] G. Zhou, B. Wu, D. Xu, Direct power control of a multilevel inverter based active
power filter, Electric Power Syst. Res. 77 (2007) 284–294.
[6] A. Munduate, E. Figueres, G. Garcera, Robust model-following control of a three-
level neutral point clamped shunt active filter in the medium voltage range, Int.
J. Electrical Power Energy Syst. 31 (2009) 577–588.

[7] M. Marchesoni, P. Tenca, Diode-clamped multilevel converters: a practica-
ble way to balance DC-link voltages, IEEE Trans. Ind. Electron. 49 (4) (2002)
752–765.

[

ms Research 80 (2010) 1543–1551 1551

[8] S. Kouro, P. Cortes, R. Vargas, U. Ammann, J. Rodriguez, Model predictive
control—a simple and powerful method to control power converters, IEEE
Trans. Ind. Electron. 56 (6) (2009) 1826–1838.

[9] G.S. Perantzakis, F.H. Xepapas, S.A. Papathanassiou, S.N. Manias, A predictive
current control technique for three-level NPC voltage source inverters, Power
Electronics Specialists Conference (PESC’05), Recife, Brazil, 12–16 June 2005,
pp. 1241–1246.

10] R. Vargas, P. Cortés, U. Ammann, J. Rodríguez, J. Pontt, Predictive control of a
three-phase neutral-point-clamped inverter, IEEE Trans. Ind. Electron. 54 (5)
(2007) 2697–2705.

11] P. Cortés, S. Kouro, B. La Rocca, R. Vargas, J. Rodríguez, J.I. León, S. Vazquez,
L.G. Franquelo, Guidelines for weighting factors adjustment in finite state
model predictive control of power converters and drives, International Confer-
ence on Industrial Technology (ICIT’09), Melbourne, Australia, 10–13 February
2009.

12] P. Bartolomeüs, P. Le Moigne, J.B. Mba, Over-voltage problems of diode-
clamped converters during switchings, Proc. of the European Power Electronics
Conference (EPE’03), Toulouse, France, 2–4 September 2003.

13] S.A. Verne, S.A. González, M.I. Valla, An optimization algorithm for capacitor
voltage balance of N-level diode clamped inverters, 34th Annual Int. Conf.
3201–3206.
14] P. Cortés, J. Rodríguez, S. Busquets-Monge, J. Bordonau, Finite-states model

predictive control of a four-level diode clamped inverter, IEEE 39th Power Elec-
tronics Specialists Conference (PESC’08), Rhodes, Greece, 15–19 June 2008, pp.
2203–2208.


	Active power filter for medium voltage networks with predictive current control
	Introduction
	System description
	Converter modulator
	Current prediction
	Capacitors voltage prediction
	Switching state selection

	Performance evaluation
	Conclusions
	Acknowledgements
	References




