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Abstract. In this study, generalized non-active power theory
based control strategy is proposed for a 3-phaseirel-
Combined Series-Parallel Active Filter (CSPAF) systesing a
Three-Dimensional (3D) Space Vector Pulse Width Mation
(SVPWM). The CSPAF system consists of a Series Activ
Filter (SAF) and a Parallel Active Filter (PAF) cbmation
connected a common Direct Current (DC) link for sitawéous
compensating the source voltage and the load durfidre
generalized non-active power theory was applieghrigvious
studies for the PAF control, in this study the tlyeis used for
the CSPAF system control under non-sinusoidal and- no
periodic current and voltage conditions. The closeg control
algorithm for the proposed CSPAF system has beetried

to direct control of filtering performance by medsg source
currents and load voltages for the PAF and the SAF,
respectivelyThe proposed control strategy has been verified by
simulating the CSPAF system in Matlab/Simulink eamiment.
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1. Introduction

The large use of non-linear loads and power elaittro
converters has increased the generation of norsidal
and non-periodic currents and voltages in elegawer
systems. Generally, power electronic converteregea
harmonic components which frequencies that argante
multiplies of the line frequency. However, in sonases,
such as line commutated three-phase thyristor based
rectifiers, arc furnaces and welding machines, lthe
currents may contain both frequency lower and highe
than the line frequency but not the integer mutipl line
frequency. These currents interact with the impedaof
the power distribution system and disturb voltage
waveforms at Point of Common Coupling (PCC) that ca
affect other loads. These waveforms are considesed
non-periodic, although mathematically the curremtsy
still have a periodic waveform, but in any everte t

period of the currents is not equal to the peribthe line
voltage [1], [2]. In this paper, the generalised
instantaneous non-active power theory is used Her t
CSPAF system under non-sinusoidal and non-periodic
load current and source voltage conditions.

The CSPAF system consists of back-to-back connectio
of SAF and PAF with a common DC link. While the PAF
compensates current quality problems of load and
regulating of DC link, the SAF compensates voltage
quality problems of utility [3], [4]. The system
configuration of the CSPAF system is shown in Hig.
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Fig. 1. System configuration of the CSPAF system.

In 3-phase 3-wire systems, conventional SVPWM
method, which is based ans plane, has been widely
used to reduce ripples and to get fixed switching
frequency. In this study, the 3D-SVPWM scheme isdus
for controlling the CSPAF system, which uses twiz-
4-wire Voltage Source Inverter (VSI) because theoze
sequence components must be controlled [5]. In the
closed loop control scheme of the proposed CSPAF
system, source currents and load voltages are mezhsu
and filtering performance is controlled directlyhél
CSPAF system provides minimum harmonics of these
currents and voltages.



2. Generalized Non-Active Power Theory

The generalised non-active power theory [6] is bame
Fryze's theory of non-active power/current [7] dadan
extension of the theory proposed in [8] [9]. Vohkag
vectorv(t) and current vectd(t) in a 3-phase system,

V() = [vi(0), V2 (0, va (O] 1)

i(8) =[i1(1),i2 (05O (@)

The instantaneous powpft) and the average powE(t)
is defined as the average value of the instantaneou
powerp(t) over the averaging intervetT,, t], that is

3
p() =V i) =D v, O, () 3)
p=1
1 t
P(t) = T—Ct_ij(r) dr. 4)

c

The averaging time intervdl, can be chosen arbitrarily
from zero to infinity for compensation of periodic non-
periodic waveforms, and for differefit’s, the resulting
active current and non-active current will havefedént
characteristics [6]. The instantaneous active ciirirgt)
and non-active curremf(t) are given (5) and (6).

o P(Y)
ia(t) —Vg(t)vp(t) (5)

in(®) =i(t) —ia(t) (6)

In (5), voltagev(t) is the reference voltage, which is
chosen on the basis of the characteristics of yistes
and the desired compensation resultg(t) is the
corresponding rms value of the reference voltago,
that is

1

t
= j v, (1)V, (1) dr. @

t-T,

V() =

The instantaneous non-active poypg(t) and the average
non-active powerP,(t) is defined over the averaging
interval t-Tg, ], that is

3
Pa() =V (©)in ()= D Vo in(t), 8)
p=1
1 t
RO jT P (1) dr. (9)

The definitions in the instantaneous non-active @ow
theory are all consistent with the standard deding for

three-phase fundamental sinusoidal systems andatice

in various cases, such as single-phase systems, non
sinusoidal systems, and non-periodic systems als el
changing the averaging intervdl and the reference
voltage vy(t) [10]. In this theory, all the definitions are
instantaneous values; therefore, they are suifableeal-

time control.

3. 3D-SVPWM Algorithm

In this paper, the 3D-SVPWM algorithm is utilizedr f
controlling the CSPAF system, which uses two 34eg
wire VSI. The switching vectors of the 3-leg 4-wv&l|

are shown into a 3D plane in Fig. 2. The eight cliitg
vectors are distributed in thes0 space and the zero
switching vectorsVy and V; are in opposite directions.
Since there is a zero axis in the 3D space, two zer
switching vectors can be used independently torobnt
the zero sequence voltage [5].
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Fig. 2. Switching vectors in 3D space.

The instantaneous voltage can be transformed to/ibe
3D space by using (10).

Wl U2 uN2 12 v,
Vv, =\/; 1 U2 U2 ||y, (10)
v 0 312 32|y,

The reference vector in the80 3D space can be written
as,

Vr(K) =i, + jvg +kv. (11)
Once the reference vectdg has been determined, it can
be reflected thexs plane as shown in Fig. 3 to decide

which sector and which active switching vectorstarbe
selected [5].
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Fig. 3. 3D-SVPWM method in the 3-leg 4-wire VSI.



Two zero-switching vectord/, and V; with different
effective timesty, andt; can synthesize the reflection of
the reference vector in the zero axis. Along witie t
different switching functions, the reference spaeetor
Vg(K) is presented in Table I.

TABLE I. Switching functions and switching
voltage space vectors

Switching

SIEIRING vectors
1]0]o0 (2+10+k(—£))\\//dg A
1]1]0 (1+J\/§+k(‘F \\//"E A
o|l1]o0 (.(1)+1\/§+k(—f Ve Vs

Jé
01 1(|(2)+10+k(£))ff§ Vi
0101 (i-(—1)+i~(—\/§)+k-(—£))-vd—C Vs

J6

v
1]0 1(1+J(\f)+k(‘f jg A
11]1 a.o+j.o+k.1).§vdc V2
0100 G.O+j.0+k.(—1)).§vdc Vo

In Fig. 3, the reference voltage vecky is located in a
sector in which the four switching staté,(V, V; and
V,) are adjacent to the reference vector. The effecti
switching time of each switching vector, within PWM
switching period,T;, can be obtained from an equation
(12), (13) [5].

Volto +Vity +Vo ity +Vo 1, =V ity (12)
o+l +i +t7 =1 (13)

(14)-(17) show the equations involved in the caltiaoh
of switching time of each involved switching vecfor
reference vector happens in sector |I.

V2 J3 1

t= V_dc g EE(?) Wre + (_E) Wrg (14)
J2

t, = Ve B Vg (15)
—t, —TEIVR—O[H ~(t,-t,)/3 (16)

7+t =t~ (tr +1y) a7

The selected switching vectors can be applied in a
sequence optimized to reduce switching loss oreaeha
better voltage Total Harmonic Distortion (THD).
Symmetrical sequencing gives the lowest THD output,
due to the fact that all switching vectors are rage
symmetrically [11]. So this sequencing method issem

in this paper. In symmetrical sequencing strategeg,
switching sequence is arranged\as V; - V, - V7 - V7 -

V, - Vi - V. Fig. 4 shows the sequencing of switching
states for a time period @f for sector I.
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Fig. 4. PWM switching time sequence.
4. Control of the CSPAF System

In this study, the CSPAF system, which has twodg34e
wire VSI, uses generalised non-active power theory
based current and voltage control with the 3D-SVPWM
scheme.

A. Voltage control strategy

Voltage control block diagram is shown in Fig. SheT
non-sinusoidal, unbalanced and/or non-periodic load
voltages Yia, Vin Vi) iS applied to Phase Locked Loop
(PLL) circuit and fundamental positive sequenceeniis
(ia1+, im+, ic1+), Used as a reference currgyft) and the
same phase with the fundamental positive sequerace |
voltage i a1+» Vip+s Vic+) and unity amplitude are
obtained. Effective value of reference currig(t) is

t

1 (o1,
o= 7 J-lp (0)iy (1) dr (18)
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Fig. 5. Voltage control block diagram.

The average power calculated given (4) by using thi
reference currents and source Vvoltages. Desired
sinusoidal load voltages vili+, Vipi+, Vieir) as
compensation reference voltage&r{ Vspy+ Vsre) Of
SAF, is derived by using (19) from amplitude ancgdh
angle of fundamental positive sequence componetfteof
load voltages. Reference voltage is compared load



voltages and applied to 3D-SVPWM and thus SAF N@%:}ﬁ: e
switching signals are obtained. [ j; L J; “ﬂ%rﬂ yrven
AC Source] 3 7 ]le_ L\m_ ]Cu_v_ t\N :::ﬂ:a
B(t = T T e oo
v =20 ) (19) S .
o (®) = s [,
[ ErFT
A A :mr
B. Current control strategy }%ﬁ“ﬂé Gl e
Lsf (é Lpf (é
The average power calculated_ given (4) by usingcsou N rLLjr 5 .P*H‘fv ﬁJLjF =P
currents and fundamental positive sequengg.( Vipi+, T Egﬁ ﬁﬂ \,{?L’é%
Via+) load voltages over the averaging interval{ t]. Wcmw ool [ 'iAplmvfifﬂ
Desired sinusoidal source currentsg(, isy+, isq+) are s |
derived by using (5). Also, the additional activarent . o
ica(t) required to meet the losses in (20) is drawn ftoen Fig. 7. The CSPAF system Matlab/Simulink
source by regulating the DC link voltagec to the block diagram.
referenceVpc. A Proportional Integral (PI) controller is ) . . o
used to regulate the DC link voltaggc. Thus, the Fig. 8 demonstrate the simulation results for thequalic
compensation reference curreni$ed, ipros iprer) Of current and voltagg compensation. 3-phase sourcentu
PAF is obtained. and load voltage is sinusoidal and balanced andraieu

current eliminated after compensation. Table Ibwsh a

The reference currents are compared source curtents ~ Summary of measured components.

realize the closed loop control scheme. Then, using
3D-SVPWM controller, PAF switching signals are
obtained. Current control block diagram of the CEPA
system is shown in Fig. 6. The CSPAF system

Matlab/Simulink block diagram is shown in Fig. 7. aoot . MO YW P W P YW T
0.35 0.36 0.37 0.38 0.39 0(.4 041 042 043 044 045
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Fig. 6. Current control block diagram. W
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5. Periodic Current and Voltage o

(d) 3-phase source currents after compensation.

For compensation of periodic currents and voltagiis s0f
fundamental periodl, using a compensation peridd <
that is a multiple of T/2 is enough for complete s °
compensation [6]. In this study, 3-phase source¢agel Ty VVVVVVVVVY VLYY
components is given in Table Il. 3-phase RL loaded 035 0.36 037038 039 04 041 042 043 044 045
tyristor rectifier and 1-phase RC loaded diodeifiectin (e) Load neutral current waveforms.
each phase connected 3-phase 4-wire power system. N
Thyristor rectifier firing angles are 30°. @ ]
I e e =]
TABLE II. 3-phase source voltage components = 5o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.3t 03¢ 0.37 0.3t 0.3¢ 0.4‘ 041 04z 0.4: 044 045
Fundamentglnbalance (%) Harmonics (%) (f) Source neutral cur;gﬁt after compensation.

50 Hz 20 5/7.]19.]11,/13.| 17.| 19.

220V 107,515| 5(2,51,25 1 Fig. 8. Periodiavoltage and current compensation.




TABLE Ill. Summary of measured values under
periodic current and voltage condition

Load Currents Source Currents
() (19

a 28,97 4,34
Q4glb 29,08 4,48
I I 29,04 4,34

n 165,30 -

a 81,05 73,74
w_|b 81,01 73,78
=Yc 81,59 74,03

n 47,21 -

Source Voltages| Load Voltages
(Vo M)
a—la 22,20 2,21
TSb 22,20 2,30
F ¢ 16,96 2,13
n a 206,5 219,1
=Slb 206,5 219,2
R 267,7 219,5

result in an acceptable both source current and loa
voltage which are quite close to a sine wavé. I large
enough, increasing, further will not typically improve
the compensation results significantly [10].

In this work, 3-phase source voltage and load oarre
components is given in Table V. Fig. 10 shows the
stochastic non-periodic voltage and current comgtamns
choosing the period ag=>5T. After compensation, load
voltages and source currents are balanced and talmos
sinusoidal with low THD. In addition, source neltra
current have been reduced considerably. The system
parameters used for the simulation are given inergh

TABLE V. 3-phase source voltage and
load current components

Parameters | Fund. Components (%)

Freq. (Hz) 50 | 104 117 134 147 250
Currents 50A| 30 40 20 20 50
Voltages 220V 75| 10 5 5 12,5

6. Non-Periodic Current and Voltage

A. Sub-harmonic current and voltages

The sub-harmonic currents are (frequency lower than
fundamental frequency) typically generated by power
electronic converters. The main feature of thesa- no
periodic currents is that the currents may have a
repetitive period. When the fundamental frequenficthe
source voltage is an odd multiple of the sub-haimon
frequency, the minimur, for complete compensation is
1/2 of the common period of bothandfs,, Whenf; is

an even multiple ofgy, the minimumT, for complete
compensation is the common period of bétland fs,,

[6].

In this study, 3-phase source voltage and loadeotirr
components are given in Table IV. Sub-harmonicemirr
and voltage compensation simulation results ara/shin
Fig. 9. The sub-harmonic component can be completel
compensated by choosing.=2.5T, and the source
currents and load voltages are balanced and sohalsoi
Additionally, the neutral current component is
compensated.

TABLE IV. 3-phase source voltage and
load current values

Parameters Fundamental Sub-harmorjic
Freq. (Hz) 50 10
Currents 50 A % 20
Voltages 220V % 20

B. Stochastic non-periodic currents and voltages

The arc furnace load currents may contain stoahasti-
periodic currents (frequency higher than fundanienta
frequency but not an integer multiple of itheoretically,

the periodT of a non-periodic load is infinite [12T he
non-active components in these loads cannot be
completely compensated by choosifigasT/2 or T, or
even several multiples df. Choosing that period as may
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(f) Source neutral current after compensation.

Fig. 9. Sub-harmonigoltage and current compensation.
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Fig. 10. Stochastics non-periodicltage and
current compensation.

TABLE VI. The system parameters

Power system

VSabo f51 Ls

220V, 50Hz, 5pH

Series transformer| N;/N, 1

SAF AA filter Lsy Rse Cse 2mH, 2Q, 30uF
PAF AA filter Ler, Ror, Cor 1mH, 1Q, 30uF
DC bus Vbe,Ci, Co 800V, 560QuF
Switching freq. fsap foar 10kHz

3-phase thristor |L4,Lpc Roct 3mH, 20mH, 5Q
1-phase diode L2 Coc, Roco 3mH, 47QuF, 15Q

7. Conclusion

In this paper, the generalized non-active powebrhe
which is applicable to sinusoidal or non-sinusaidal
periodic or non-periodic, balanced or unbalanced
electrical systems, is presented. It has beeneppd the
3-phase 4-wire CSPAF system with the 3D-SVPWM to
get fixed switching frequency. The theory is addpte
different compensation objectives by changing the
averaging intervall.. The closed loop control algorithm
has been described by measuring source currents and
load voltages in the proposed CSPAF system to tdirec
control of filtering performance. The simulationsodts
based on Matlab/Simulink software are presented to
show the effectiveness of the CSPAF system for the
compensation of a variety of non-sinusoidal and-non
periodic voltages and currents in power systems.
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