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Ripple estimation in active power filters

Abstract. The paper presents the analytical method of ripple estimation in active power filters. The method is based on an average
model of PWM voltage source inverter. The formulae for the ripple magnitude are derived for single-phase and three-phase three-leg
structures. Numerical examples for filters generating third and fifth order harmonics are presented. The example with reactive component

of fundamental harmonic is considered as well.

Streszczenie.

Przedstawiono analityczng metode estymacji tetnienia pradu wynikajgcego z przetgczeri obwodu w aktywnych filtrach

energetycznych. Metoda opiera sie na usrednionych modelach z modulacja PWM. Odpowiednie formuty analityczne zostaty opracowane dla uktadu

Jjednofazowego i tréjfazowego.

Wykonano obliczenia dla uktadu generujgcego trzecig i pigtq harmoniczng oraz uktadu generujgcego sktadowg

bierng harmonicznej podstawowej. (Estymacja tetnien pradu w aktywnych filtrach energetycznych).

Keywords: averaging techniques for switching circuits, current ripple, active power filters
Stowa kluczowe: metoda usredniania uktadéw przetgczanych, tetnienia pradu, aktywne filtry energetyczne.

Introduction

An important feature of power electronic circuits working
in switching scheme is a ripple effect. Switching frequency
errors are undesirable effects always accompanying these
techniques. Ripple errors are eliminated with the use of
additional filters. Properly chosen switching algorithms can
minimize the ripple effects [1]. The magnitude of current
ripples can be computed by simulation of a specific PWM
realisation. More general information can be obtained from
analytical formulae. Such formulae can be derived when an
average model of PWM inverter is employed. The
averaging approximates the discontinuous system by a
time-continuous model. Average models simplify analysis,
make easier to understand the system’s behaviour, speed
up simulation and can be used for control and design
purposes. The averaging method has been developed, for a
wide class of power electronics circuits and has been
presented in many papers. The application of averaging
techniques for STATCOM and active filters has been
proposed in [2].

Ripple error estimation in single-phase voltage source
inverter

The deviation level of real generated current waveform
from the smooth average waveform can be easy estimated
for power active filters working with fixed switching
frequency. The inverters working with fixed switching
frequency inject harmonic components with frequency
varying in narrow band.

The single-phase topology of the voltage source
inverter generating desired current waveform is shown in
Fig.1. A properly switched circuit should generate such
current i that is as close to reference signal as possible. The
fixed switching frequency scheme with the switching period
T, will be considered.

Let sp(), sa(), s3(b),
periodical control signals for four switching devices Sy,

s4(?) represent the on/off

Sy, S3, Sy of the bridge inverter (Fig. 1). If the switching

device is on the control signal of value 1 is assigned to it, if
the switching device is off the control signal 0 is assigned to
it The constrains of these four control signals are
s1()+s2(1)=1 and s3(¢1)+s4(¢)=1. The resulting control
signal defined as

(1) (1) =s1(1) = 53(1) = 54(1) = 52(2)

can assume three values 1,0 and -1.

R i(t)

e(t) ¢ :Z[ ve(t)

Fig. 1. Single-phase circuit generating current harmonics

When the switching system operates in open loop, the
switching transitions occur at predetermined times and time
function s(r) takes the form of determined rectangular

wave. Two modes will be considered — bipolar mode (Fig.
2a) and unipolar mode Fig.2b.
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Fig.2. Switching modes: a) bipolar mode, b) unipolar mode

Function D(r) means duty ratio function. Within period
T, the switching function changes as follows: for bipolar
mode s(t)=s; =1 for 1€(0,D())Ty) and s(¢)=s, =—1for
te (DT, Tg); for unipolar mode  s(r)=s1 =1for
te(0,D(t)Ty) and s(t) =s, =0for t € (D(H)T,Ty) .

If i(r)and o (r)are state variables, then the state

equations for the time-varying circuit shown in Fig. 1 have
the following form

i _ Ry 1 1
(2) - 7 O-psec)+ e
doc() 1 .
@) —y O
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where s(¢) is discontinues switching function defined in
equation (1) and presented in Fig. 2.

The averaging operator within the  moving
interval ( — T, 1)
1 !
(4) Sav =7 | & ()dz
T =Ty

can be applied to state equation (2) and (3) [2].

Switching period Tgis small in comparison with the
periods of the harmonics to be generated by active filters. It
means that variations of state variables i(r)and v ()

within interval (¢-T;,t)is small and the following
approximation is acceptable
t
1
(5) I .[s(r)x(z')drzsav(t)xav(t)
* =Ty

where x(t) state variable, s(¢) discontinuous switching
function, x,, (t) average state variable and s,,(¢) average

switching function.
Applying the averaging operator (4) to equations (2-3)
and taking in account approximation (5), we obtain

dig() R 1 1

(6) =T iy (0 T Sav Ovcay () + 7 Cav @)
dvcgy () 1 .

(7) —a o w (Digy (1)

Average function s, (¢) is continuous and depends on
continuous positive duty-ratio function D(r) and switching

mode applied in the realized control. Formula (4) applied to
switching function s(¢) gives

(8) Sav () =s51D(1) =[1 = D(0)]s2
Hence, for bipolar case (Fig. 2a)
) Sav(1)=2D(1) 1

and for uniplar case (Fig.2b)
(10) Sav(t) =£D(0)
The sign on the right sight of equation (10) depends on
polarization of switching function s,,(r), as duty ratio
function D(¢) is positive.

Let current i, (1) =i, (1) be given, then equations (6)

and (7) can be reduced to one nonlinear differential
equation

dvcg, (1) 1
(11) T—fl(l‘)fz(t) e @)
where
diref(t) . . 1.
(12) h@= _LT = Riypr () + gy (1), f2(0) :E’ref(t)

Solving the Bernoullie type equation (11) with capacitor
voltage vc,, (1) >0, the average switching function can be

obtained

Sar(0= VCay (2)
and duty-ratio function D(¢)can be computed from
equation (9) or (10). According to Fig. 2b for unipolar mode
s1=%1, s =0. If voltage o(#)= f1(¢) given in (12) is
positive then s; =1, if this voltage is negative then s; =-1.
Actual current waveform i(¢) differs from smooth
averaged current i,,(¢t), it contains ripples caused by
switching. To analyze the ripple within kth switching step,
the short time interval re(#,t; +Tg)containing single

switching period will be considered. Two switching are
performed within period 7, at ¢=t;and t=t; + DTy,

where D =D(t;).
A

(t)'iav(tk)

I
A tk tk"' DTS

Fig. 3. Piece wise linear approximation of average and actual
current within one switching period

The approximated piece wise linear waveforms of
averaged current i,, (¢#) and actual rippled current i(z) are
shown in Fig.3. The segment AC represents the linear
approximation of the waveform i,,(#) under the following
assumptions: for ¢ e (¢ ,t; + Ty)

eqy () =e(ty), vegy(O) =0 (T ), Sqy () =Sa, (tf) -

Similarly the segments ab and bc represent piece wise
linear approximations of the waveform i(r) under the
following assumptions:

e()=e(ty), vc@=vc(y) for
s(t) =s1=s1(tk)
for te(ty,ty + DTy), s(t) =sp=s2(t +DTy)
for te(ty + DTg,ty +Ty) .

Additionally for both waveforms the resistance R is
omitted, R=0. The piece-line segments abc represent
rippled waveform only within the analyzed switching period.
The segment in the next period do not need to be continues
at t =1, + T, , although the actual current i(¢) is continues.

Under such assumptions the equation of the line segment
AC can be obtained from (6)

(14) iav(r)=%[e(rk>—savok)uC(rk)](r—rk)+iav(zk)

Similarly the equations of line segments ab and bc can be
obtained from (2) and we have respectively

te(ty,tpy +T,) and

(15) 0= le(t) = s10c (N - 1) +i(ep)
1
(16) i(?) Zz{[e(tk) —s0c ()@ -t ) -
(s1 = s2)oc (tg)DT} +i(ty)
where D=D; and sy =sy;,5p =5y, duty-ratio and

switching functions for kth switching step.
Ripple function Ai(t) can be defined as difference

between actual current i(r) and average current i, (¢)

(17) Ai(t) = i(t) —igy (1)
Substituting (14) and (15) or (16) into (17) gives

(18)  Ai(r) :%[—sl + Say O () — 1)+ 1(t) — i (1)
for te(ty,t; + DTy) and
Ai(r) = % (=52 +Sav (GO )~ 1)

—(s1 =s2)oc (15 )DT s} +i(ty ) = igy (1)
for te(ty + DT, t; +Ty).
The average value of the ripple function is equal zero

(19)
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tg +T
IAi(t)dt = 0. Applying this condition to functions (18) and
Ik
(19) the ripple magnitude Ai(t;)=i(t;)—i,, (t;) can be
obtained

. vcTg
Aty ) = ng [(51 = Sy (G )(DF +2D1Dy) + (53 = 54 (1 D3 ]
(20)
where D; =D ,D, =1-Dand D =D(t; ) = Sav(tk) =52
S1 —82

The piece wise linear current shown in Fig. 3 fulfils
constrains Ai(t; )= Ai(ty +T,) and Ai(t;) = -Ai(t; + DTy).

The ripple magnitude is obtained (20) can be rewritten
as

1) Ai(ty) = —Ai(y +DTS):%(I—D)D
for bipolar mode and
(22)  Ai(ty) = Aty +DTQ:%(1—D)D

for unipolar mode
Duty ratio D can be substituted for average switching
function s,,(z;) (20) and then (21), (22) take the form
. . ve ()T,
|Ai(ty )| =|- Aity + DTy)|= %

(23)
for bipolar mode, and

|Ai(ty )| =|- Ai(ty + DTy)| =

(24)
for unipolar mode.

(1= 54y (I + 54y ()]

vc ()T

2L [1_|Sav(tk )|]|Sav(tk )|

Example 1 — third order harmonic generation
Assume that third order current harmonic should be
generated in the switched circuit shown in Fig. 1.

wvCa(t) [v]
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Fig. 4. Average capacitor voltage and average switching function
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The results have been obtained for the following circuit
parameters: e(7) =600sin(314¢), L=10mH, R =0.08Q,
C=128.2uF, capacitor conductance G=0.00013S and
switching period 7, =0.1ms. The assumed current to be
generated is i(t) =iper (1) =20sin(3-3147) + 0.1sin(314r) .The
small first order current has to be added in order to ensure
the energy balance. Capacitance voltage v, (f) and
average switching function s,,(f) have been computed
from equations (11) and (14) with initial
Ly (0) =10007 . The results are shown in Fig. 4.

condition
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The ripple magnitude for unipolar and bipolar modes
computed from equations (25) and (26) and are shown in
Fig. 5.
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Fig. 5. Ripples for unipolar and bipolar modes

Example 2 — reactive fundamental harmonic generation
The source voltage is sinusoidal e(z)=600sin(314¢), and

current i, (t)=200cosat +5.34sinwt should be generated.

The circuit parameters L,C,R, initial capacitor voltage
v,y (0) and switching period 7 have been chosen the

same as in Example 1. Capacitor voltage v, () and

average switching function s, (#) are shown in Fig. 6.
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Fig. 6. Average capacitor voltage and average switching function
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Fig.7. Ripple magnitude for unipolar and bipolar modes

The ripple magnitude for unipolar and bipolar modes
obtained from equations (25) and (26) are shown in Fig. 7.
It can be observed in Fig. 5 and 7 that in both examples the
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ripple magnitude is smaller for unipolar mode than for
bipolar mode. Such relation is valid within the whole time
interval.

Ripple error in three-phase voltage source inverter

The three-phase three-leg topology of the voltage
source inverter generating desired current waveform is
shown in Fig.8. PWM strategies based on the concept of
voltage space vectors is considered in the paper. The ripple
of line current can be estimated similarly like in the single-
phase inverter presented above.

ea R L
Va Saﬂ Sm Sc1

Fig. 8. Three-phase three-leg switched circuit generating current
harmonics

The diagram of voltage space vector , corresponding to
the eight available logic states of the inverter, is shown in
Fig. 9.

R
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Fig. 9. The space vector diagram

There are six non-zero vectors and two zero vectors.
The complex form of the two dimensional space vector is a
function of the number of inverter logic state »n, and can be
written as follows

]_(n—l);r
(25) Vi =Veu +JiVpn :%ch,(t)é 3 forn=1,.6

Each logic state n responds to the state of phase switches
as shown in the table below

n 1 2 |3 |4 |5 |6
54155151 | 100 [ 110 [ 010 [ 011 | 001 | 101

Magnitudes of voltage vectors are expressed in relation
to the average capacitor voltage v, (¢). For simulation
purpose the capacitor voltage can be computed from power
balance of the inverter. For given reference currents
laay =laref Iibav =ipref Capacitor voltage Ve, can be
predicted and the phase voltages are also known

dipref

(26) —Ri

L pav==Epav — L pref  for p=a,b.c
The orthogonal components of these voltages can be
expressed in a complex form

(27) Vay=Vgay + JUpay
where
(28) Vaav | 1] 2 -1 -1 Vaav
U Bay _3 0 \/5 —\/5 Obav
Ucay

The average switching function defined according to (4)
and (5) can be obtained in similar way as shown in (14) for
single phase case

(29) 30 pay (%)

K (tp)=—" for
pay Weayty)

In a given switching interval any vector v, confined

p=a,p

within the hexagon linking the ends of the non-zero vectors
can be realized as a linear combination of the two adjacent
non-zero vectors V,,, V,,; and either one of two zero
vectors. Coefficients of this combination constitute duty
ratios of the inverter states generating the employed three
vectors.

Let actual vector v be placed between two adjacent

vectors V,, and V,,, for n=1,..,6. The actual vector v is
realized as linear combination

(30) DyVy +DaVys1 =0,

where Djand D, real numbers equal to the duty ratios

associated with vector V7, and V, |, respectively. The

remaining duty ratio Dj, =1- Dy, — Dy, is associated with

either one of two zero vectors.
Taking into account equation (29), (37) and (30), we

obtain
sinﬂ —cosﬂ
@n| 2 |- 3 3 1Y% i1
Dan) Ve | iDL goeln=ba fug | "0

Therefore, in a given switching period T respected to

nth sector of vector space there are three subintervals with
no switching inside them. If the beginning of the considered
switching period is #;, then the subintervals are:

(testie + D1pTy) s (tg + D1,y Tty +(Dry + D2y )Ty) @nd
(g + Dy + Do)ty +Ty) -

Discontinues switching functions s;,,, s, and sj3,are
associated with these three intervals. These functions
result from (25)

(32) (n-Drx

Slpna = C€OS 3

__nxm
Sona = COST

(n-Hrx
(33) 3

. . hr
Slnﬂ = Sin , S2nﬂ = SlnT

and s3,4 =53, =0 for n=1,..6.

Respecting the assumptions introduced for the single-
phase case, the piece wise linear current of chosen phase
can be depicted as in Fig. 10.
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Fig. 10. Piece wise linear approximation of average and actual
current within one switching period for three-phase circuit

The piece wise linear functions shown in Fig. 10 can be
analyzed like in the single phase case (Fig. 3) and the
magnitude of ripple function can be determined. The
maximum value of ripple function in the switching period
starting at ¢, and associated with nth sector of vector space
can be expressed as follows

. Veav )Ty
Ai,(ty) =—""""
plip) =~ |

2
2D1y Dy +2D1y D3y ) + (S20p — S pav X D3, +

2
2D2n D3y) + (83np = S pav)D3;,1

for p=a,p.
The ripple function (34) may be positive or negative. The

ripple magnitude can be defined as absolute value of these

functions. Because

(3%) StupDin +$2upDan +543pD3n =S pav forp=a,p

the following relation is true

(36) Aip(tk):Aip(tk +Ty)

2
(S1np =S pav)(Dy,, +

(34)

forp=a,p

Example — fifth order harmonic generation in the three-
phase circuit

Assume that fifth order harmonic should be generated in
the circuit shown in Fig. 8. The result presented in Fig. 11
has been obtained for the following circuit parameters:
e, =600sin(314¢) and generator is symmetrical, L =10 mH,

R=0.08Q, C=50uF, the capacitor is shunted with

conductance G = 0.0001% , capacitor voltage V¢ =1000 V.
The assumed currents to be generated are

i,(t) =20sin(5-314¢) + 0.3sin(314¢)

ip(t) =20sin(5-314t + 27 /3)+0.3sin(314¢ - 27 /3)
i.(t)=20sin(5-314t -27/3)+0.3sin(314¢ + 27 /3)

The fundamental harmonic has to be added in order to
ensure the energy balance.

15

ripple [A]

0 0.005 0.01 0.015 0.02

t[s]
Fig. 11 . Ripple magnitude when fifth order harmonic is generated

The ripple magnitude of current shown in Fig. 11 has been
computed according to equation (43).

Conclusions

The current ripples can be computed by simulation of a
specific PWM realisation. More general information can be
obtained from analytical formulae. The average technique is
very convenient tool to analyze a behavior of ripples within
a switching process. Such analysis is useful for a switching
frequency optimization
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