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Introduction

The power quality issues have received considerable
attention in recent decades due to the increasing power
quality problems in the electric distribution systems, such
as: low power factor (PF), poor voltage profile, voltage
fluctuations, voltage sag/swell, load unbalancing, and
supply interruptions. As a result, many power quality
standards were proposed, such as the IEEE 519-1992,
IEEE Std.141-1993, IEEE Std.1159-1995 and IEC 1000-3-
2, etc. [1-3]. Among all forms of the power quality issues,
the harmonics, voltage fluctuations and sag/swell problems
were recognized as the most costly events in the modern
assembly lines [2, 3]. To tackle these problems, the static
synchronous compensator for the distribution system
(DSTATCOM) and the active power filters (APFs) [4-6]
were introduced, which share the same power-stage
topologies, only different in control strategy and reference
current generation (RCG) schemes [4, 5]. Generally, the
DSTATCOMs compensate only the fundamental reactive
power while APFs compensate both fundamental reactive
power and the harmonic components. Hence the APFs
have received considerable attention due to the urgent
requirement for tackling power quality problems [3-6].

To meet the requirement for the high-power, medium-
voltage electric distributions systems, the conventional
three-phase three-wire or four-wire APF topologies have
evolved into the multilevel and multi-cell topologies [6].
The cascaded H-bridge (CHB) configuration is recognized
as the most promising candidate among the multilevel
topologies, which show the characteristic of modular
capability, simple layout, excellent redundant operation
ability and it can be extended to higher voltage levels by
adding new modules [6]. However, the dc-link voltages
across each H-bridge would tend to diverge due to unequal
power losses for the individual H-bridges and the phase
shift of the PWM carriers, which imposes remarkable
challenges for controller synthesis. Moreover, in order to
meet the requirement of the harmonic and reactive
compensation for the 3-phase 3-wire systems of the
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medium voltage distribution systems, the cascaded APF
must be connected in delta-connection to cope with load
unbalance (Fig.1). Therefore, reference signal generation
for each phase leg is rather complex due to the 30 degree
phase shift between the detected load currents and the
synthesized reference currents.

To tackle the aforementioned problems, the individual
harmonic component of load currents are decomposed by
using the adaptive notch filter (ANF) in the synchronous
reference frame (SRF), and the positive-sequence and
negative-sequence components of individual harmonic
components are successfully decoupled. After stringent
mathematical manipulation of the weights of the ANF
blocks in d-axis and g-axis of the SRF, the sequence
components of the individual harmonic components are
reconstructed by using the ANF-based technique. Hence
the delta-connected multilevel APF is controlled as the
single-phase multilevel APF, which significantly reduces
the controller design and synthesis. Furthermore, the well-
known proportional-resonant (PR) controller is utilized as
current regulator to achieve zero steady state error at the
selected harmonic components. And the average voltage
controllers (AVCs) are used to regulate the active power
flow of the cascaded H-bridges among each phase leg, and
the voltage balance controllers (VBCs) are used to adjust
the reactive power distribution among the individual H-
bridge modules across each phase leg.

Control strategies for the three-phase multilevel APF

Fig.2 shows the controller architecture for the proposed
3-phase multilevel APF, which consists of the phase-
locked loop (PLL) [7], reference current generation (RCG),
current tracking and voltage balancing control units. The
phase-locked loop (PLL) is based on the linear optimal
adaptive filter, which achieves grid synchronization for the
multilevel inverter with the grid [7, 9]. The reference
current generation (RCG) schemes were reported in many
previous literatures [4-6]. However, those techniques
cannot be directly applied for the present system since the



individual harmonic component generated by the RCG
schemes should be phase shifted by +30 or -30 degrees for
the delta-connected multilevel APF, corresponding to the
positive sequence or negative sequence of the considered
harmonic component. This issue is solved by the ANF-
based sequence decoupling scheme, which is applied in the
synchronous reference frame for the load currents.
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Fig. 1. The schematic of the three-phase multilevel APF based on
cascaded H-bridge inverter (a) Overview of the proposed system;
(b) Detailed illustration of the brunch between phases ‘a’ and ‘b’
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Fig. 2. Control strategies for the three-phase multilevel APF
The ANF-based sequence-decoupling technique

Fig.3 show the flowchart of the ANF-based sequence
decoupling technique, and the detail illustration of the
ANF is depicted in Fig.4. It is assumed that the load
currents are composed of generic harmonic components,
which are represented as [7]:
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where m can be either positive or negative with @ the
fundamental utility frequency, ¢ 'and ¢" are the initial
phase angle of the fundamental and mth order component,
respectively, which can be expressed as [7-9]:
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where 6, and A6, represent the estimated phase angle of the
fundamental component of the grid voltage and the
estimation error, respectively, obtained from PLL, and the
phase angle of the mth order harmonic component ¢" is
derived in terms of the phase angle of the fundamental grid
voltage and the error signal A6,
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e ! Wi Wi Mathematic
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i, = = Eqs.(7)-(18)
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Fig. 3. The flowchart of the ANF-based sequence decoupling
technique
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Fig. 4. The detailed diagram of the adaptive notch filter (ANF)

Hence the three-phase load currents can be transformed
into synchronous frame by using Park’s transformation, the
d-axis and g-axis current it iLq” can be derived as:

i o =1 cos(@t+9™ =0 )+ T I} cos(mat+¢" —0p;;)> (3)
m=-1,..=N

i = I'sin(ot+ 9™ =0 )+ S I sin(mot+ @™ —0p;; ) “4)
m=—1,..=N

If an accurate synchronization of the PLL is achieved,
i.e., Op  =wt+6;., Eq. (2) can be substituted into Egs.(3)-

(4), rearranging terms, we get :
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The characteristic harmonics of the order m=+(6k+1) (k
is integer) are considered in this paper. To simplify the
derivations, the following abbreviations are assumed:

a,) =17 sinmAG, +(@" ~mp")],
0 = 17" cos[mAG, +(¢" —me™)].
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For the sake of brevity, Eqs.(5)-(6) can be rewritten as:
Y w,X, Y WX, (8)

where the weight vector W,, W, and the input vector X of

the ANF can be denoted as [4, 5, 7]:
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The weight vector can be readily obtained from the
ANF, however, when reconstructing the reference signals
for the current loop controller, the parameters in Eq.(7)
needs to be calculated, which can be obtained from
Eqgs.(9)-(10), as:
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From Eq.(13), we get:
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An arbitrary load current in phase ‘a’ can be denoted as:
17" cos(mat +¢™)=
=17 cos(mat+¢" +m(@ +A0—p*)) =
= I cos(mAG, +¢™ —mp™ +m(wt +6,))= (13
=1I]" cos[mAG, +(¢" — m(p+l )]cos[m (wt +6 )] _
—1} sin[mAG, + (4" —mep*]sin[m (ot +6,)] .
From Eq.(7) and Eq.(15), we get:
11" cos(mat +¢™) = at?) cos(m(awt +6,))—a') sin(m(wt +6,)) (16)
For the mth order harmonic of the load currents, the
reference current for the delta-connected multilevel APF
can be denoted as:
;me =1y /x/gcos(ma)t +¢" —x/6) =
=1/\34? cos(m(wt +6,) - /6) -
~1/\B al sin(m(wt +6,) - 7/6).
Therefore, the reference compensating currents for each
brunch (link-AB, -BC, -CA in Figs.1-2) are denoted as:

—1,£(6k*
ref 1,x(6k%1) ref
lx - lx,m
m

a7

(x=ab, bc, ca) - (18)

Current-loop control scheme

The following derivation is based on link-AB in Fig.1.
However, the same result applies for other two brunches.
Similar to the scheme in [6], the proportional resonant
(PR) controller is utilized, which achieves perfect tracking
for the alternating signals with the transfer function:

G () = Koo 1+ 3 1)

PR cc ST, (S2 + wnz) 5
where the parameter 7, (7 is odd number) is defined as the
time constant for the nth harmonic component of the PR
controller, and w, denotes angular frequency of selected
harmonic component. Hence, the PR regulator achieves
zero steady-state error for the alternating signal at w, due
to the infinite open-loop gain introduced by the PR current
regulator. The selection of the gains and time constants for
each harmonic component can be achieved by using open-
loop bode-plot or closed-loop root locus diagram, which
was discussed in [4-6]. Followed by the guidelines in [4,
6], the controller parameters are listed in Table 2

In the proposed CHB-based multilevel APF, the dc-
link voltage control is composed of two parts, namely, the
average voltage controller, which regulates the average dc-
link voltage to its reference value V,.; and the voltage
balancing controller, which regulates the individual dc-link
voltage vy (i=1,...,8) with respect to the average dc-link
voltage v,,.

(19)

Average voltage controller (AVC)

The AVC achieves the active power balancing between
the multilevel inverter with the grid. Hence the average dc-
link voltage control mimics the dc-link regulator of the
existing grid-connected converters [4, 5]. Hence the AVC
block in Fig.2 can be represented as:

.ref ,ab 4
Zlvdci)'kp,AVC (I+
4=

hp =Kpjm arc "1, ref ~

(20)
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where £k, 4ycand 7,4y represent the controller gain and time
constant of the PI regulator for the AVC, and V,, denotes
the reference dc-link voltage. The symbol p;; denotes the
detected phase angle of the fundamental grid voltage vpcc,
which is obtained from the PLL. Notably, the gain K;;,, 4rc
denotes the saturation coefficient, which limits the output
of the PI regulator with a certain range to ensure a smooth
operation of the system.

Table 1. The specifications of the multilevel APF

Coupling inductor (L) 6.5mH
Dc-link Capacitor (Ca) 2000pF
Switching frequency of IGBT (f;.) 2.5kHz
Sampling frequency (fampre) 20kHz
Grid voltage at PCC (vpcc) 10 kV(RMS)
Grid impedance (Ly) 0.lmH
Dc-link voltage reference (V) 2 kV

Table 2. The controller parameters for the multilevel APF

Proportional gain of PR current regulator (k,cc) 1.3
Time constant of PR current regulator (zcc) 127,
Proportional gain of AVC(k,rc) 1.5
Time constant of average dc-voltage controller (z4c) 15007,
Proportional gain of voltage-balancing controller (k,, ysc) 2.5
Time constant of voltage-balancing controller (zyzc) 25007,

Voltage balancing controller (VBC)

In addition to the average voltage controller (AVC), the
individual dc-link voltages across the dc capacitors should
be regulated to equally share the reactive power loading. In
the previous literature [10], the CHB-based inverter was
utilized as reactive compensator, which has the drawback
that the reactive power was not equally distributed among
each H-bridge modules. In [11], the individual voltage
balancing strategy (IVBS) was proposed, which achieves
equal distribution of the reactive power but the controller
synthesis is rather complex.

In this paper, a simple dc-link voltage balancing scheme
is adopted to equally distribute reactive power among each
module by exchanging active power among individual H-
bridges. Whereas, the total active power absorption of the
CHB-based inverter remains constant since the total active
power loss is regulated by the average voltage controller
(AVC). The voltage balancing controller (VBC) in Fig.2 is
described as:

Uab

VBi

=K imysc '[(szi _é % vzfi)'kp,VBC (I+ )]-cos Opy; 2 @ 1)
i=1 vBC "8
where &, y5cand 7ypc represent the controller gain and time
constant of the PI regulator and the gain Kj;, ypc denotes
saturation coefficient for the VBC controller. The output of
PI regulator is multiplied by a cosine function which is 90
degree phase-shifted with the fundamental component of
the grid voltage, obtained from the PLL [7, 9]. From
Eqgs.(20)-(21), the modulation signal for the ith H-bridge of

the link-AB (see Figs.1-2) is derived as:

ab

v -ref ,a -ref ,a - 1
ij:[%+ugg,.+(zq/’ P i ) G ()] — s (22)
dci
where i7" represents the reference current of the APF

generated by the ANF-based sequence decoupling block.
The term vpcc/8 denotes the grid voltage feed-forward,
which is similar to the application in other grid-connected
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converters in [4-6]. The obtained modulation signals are
compared with individual PWM carriers to generate gating
signals for the IGBTs. Notably, the PWM carriers for each
H-bridge are 22.5 degree phase shifted to synthesize the
multilevel output voltage for the eight H-bridge modules
for each phase leg (link-AB, -BC, -CA) [6].

Simulation results and discussions

To verify the theoretical analysis, the proposed system is
simulated by using Matlab/Simulink. The parameters of
the power-stage and the controllers are listed in Tables 1
and 2, respectively.
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Fig. 5. Performance of the ANF-based sequence decomposition
scheme under balanced load condition
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Figs.5-7 show the performance of the proposed system
under balanced load conditions. The three-phase diode
rectifier is shunt connected with the pure inductive load to
form the composite load, which undergoes a sudden step
change at /=0.04s to test the dynamic performance of the
system. Fig.5 shows the performance of the ANF-based
sequence decoupling scheme, where the g-axis component
of the load currents i;,, and the estimation error of the ANF
are depicted. It can be observed that the load current i,
undergoes a sudden transient at t=0.04s, which results in a
dynamic process of the estimation error of the ANF with
fast decay rate. The coefficients corresponding to the
positive- and negative-sequence fundamental, fifth and
seventh order harmonics are depicted in Fig.5. It shows
that these coefficients undergo fast transient response with
less than one cycle. Besides, these coefficients are dc
components in steady-state, which facilitates the current
tracking performance and ensures precise compensation of
the multilevel APF.

Fig.6 shows the waveforms of the grid currents, load
currents and the grid voltages. It can be observed that the
grid current after compensation is exactly in phase with the
grid voltage (phase to ground), i.e., the unity power factor
is ensured at the source side. Besides, the transient under
load variations dies out in less than one cycle, which
validates excellent performance of the proposed control



algorithm. Fig.7 shows the dc-link voltages of the 3-phase
multilevel APF, where the dc-link voltages across the link-
AB, -BC, -CA are depicted. It shows that the profiles of
the eight dc-link voltages overlap with each other, which
verifies the validity of the voltage balancing controllers.
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Fig. 6. The simulated grid currents, load currents and PCC
voltage under balanced load condition
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Fig. 7. The simulated dc-link voltages of the multilevel APF
under balanced load condition

Figs.8-10 show the performance of the multilevel APF
under unbalanced operation conditions with a transient
increase of load at =0.04s. It can be observed from Fig.8
that the g-axis of load currents shows higher fluctuations in
amplitude due to a increase of the even order harmonic
components resulted from load unbalance. The estimation
error of the ANF is quite small in steady state with a fast
dynamic response during transients. Fig.9 shows the grid
currents, load currents and the grid voltage at PCC. It can
be observed that the grid current is in phase with the grid
voltage (phase-to-ground) at the steady state and during
dynamic process, which ensures a unity power factor at the
source side. It can also be noticed that the harmonic and
the reactive load currents, including both the positive- and
negative-sequence components, are well compensated by
the proposed multilevel APF. Fig.10 shows the dc-link
voltages of the multilevel APF. It shows that the eight dc-
link voltages overlap with each other and the voltage
fluctuations across the link-BC and —CA show higher
amplitude compared to those across the link-AB. This
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phenomenon is justifiable since the negative sequence
components of load reactive currents are also compensated
by the APF, resulting in a higher compensating current
across the link-BC and link—CA.
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Fig. 8. Performance of the ANF-based sequence decomposition scheme

under unbalanced load condition

002 004 0.1

5000

0
=
= :
5000 H i i i i ;
0 0.02 004 006 008 01 012 0.4
1000
=
1000 ; H ; ; ; ;
0 002 004 006 005 01 012 0.4
1000
= 1]
-1000
1000
: J ‘ ‘ 1 ‘ta
!
T il l“!i'l"!' b
‘ ‘ ‘ ‘ ‘ JLC
: B
PP C SN 1 B B YR AN
0 0.02 004 006 008 01 012 004

time [s]

Fig. 9. The simulated grid currents, load currents and PCC
voltage under unbalanced load condition
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Conclusions

A novel control strategy is proposed for the 3-phase
multilevel cascaded APF. The selective compensation of
load currents is achieved by using ANF-based sequence
decoupling technique, which extract the positive-sequence
and negative-sequence components of individual harmonic
component in the synchronous reference frame (SRF). The
theoretical analysis of the sequence decoupling scheme is
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outlined, followed by the design issues of the current loop
regulators and the dc-link voltage controllers. The validity
of the devised control scheme is verified by the simulation
results under balanced and unbalanced load conditions.
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[pencraBnena HoBas cTpaTerusi ympaBieHus 3-¢asHoro kackagHoro MHoroyposHero H-mocra (CHB) akTuBHOrO (QuibTpa.
IIpunsaTa cenekTHBHAs KOMIEHCAIM PEAKTUBHOW HArpy3KH M TapMOHHYECKUX KOMIIOHEHTOB M COKDAILEHHUS TEKyIIeH NMPOIyCKHOH
crocoOHocTH KoHTpostepa. AnantuBHble GuinbTpbl ANF mcnonb3ytores Ha yposHe Jl-ocu M ocu Q-TOKOB HAarpys3KH JUISl U3BJICUCHUS
MOJIOKUTENIBHEIX W OTPULATENBHBIX KOMIIOHEHT IIOCIEAOBATEIBHOCTH OTACNIBHBIX TIapMOHMYECKHX KOMIIOHEHT. [I31mokeHo
TEOpeTHYecKoe OCHOBaHHE pa3Bsi3ku AH® cxembl, aHaIM3MPOBAaHBI BONPOCH! PeryiaiTopoB n DC-koHTpoiuiepoB HampspkeHUs. s
HPOBEPKU HPEJICTABICHBI Pe3yJIbTaThl MOAEIUPOBAHMS B paMKax COAJaHCHPOBAaHHON M HecOaNaHCHPOBAHHOW HAarpy3Kd B YCIIOBHSIX
NEepPEeXONHbIX HApyIICHWH Harpy3ku. JIeHCTBHTENBHOCTh IpeAaraeMoil CXeMbl KOHTDPOJS IIOATBEPXKIAETCS —pe3ysIbTaTaMu
moaenupoBanus. 1. 10, 6ubn. 11 (Ha aHrmmiickoM s3bIKe; pedepaTsl Ha aHTITUICKOM, PYCCKOM U IUTOBCKOM S3.).

Lin Xu, Yang Han, Jun-min Pan, Chen Chen, Gang Yao, Li-Dan Zhou. Selektyvus trifazio kaskadinio daugiapakopio aktyvaus
galios filtro kompensavimo biidai naudojant ANF pagrindu sudaryta sekos atsiejimo principa // Elektronika ir elektrotechnika.
— Kaunas: Technologija, 2010. — Nr. 2(98). — P. 15-20.

Pateikiamas naujas trifazio kaskadinio H tipo tiltelio (CHB) aktyvaus galios filtro valdymo budas. Siekiant sumazinti srovés
valdiklio pralaidumo juosta, pritaikytas selektyvus apkrovos reaktyviyjy ir harmoniniy komponenty kompensavimas. Teigiamiems ir
neigiamiems pavieniy harmoniky seky komponentams i$skirti panaudoti adaptyvieji uztvariniai filtrai (ANF). Matematiskai pagristas
ANF gristas sekos atsiejimo biidas, aptarti srovés ir itampos reguliatoriy projektavimo klausimai. Pateikiami modeliavimo rezultatai,
esant subalansuotos ir nesubalansuotos apkrovos salygoms ir veikiant pereinamyjy procesy trukdziams. Il. 10, bibl. 11 (anglu kalba;
santraukos angly, rusy ir lietuviy k.).
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