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Abstract — For a three-phase three-switch buck-type PWM
rectifier with unity power factor the rms value of the in-
put filter capacitor voltage ripple is calculated for different
modulation methods. A modulation method being optimal
concerning the occurring switching losses and the rms value
of the capacitor voltage ripple is identified and guidelines
for the dimensioning of the input filter are derived.

I Introduction

For the realization of three-phase PWM rectifier systems with
sinusoidal input current usually boost-type converter topolo-
gies with impressed output voltage lying above the peak value
of the line-to-line mains voltage were investigated in the litera-
ture [1], [2]. However, in connection with applications requiring
a controllability of the output voltage, e.g., battery charging [1],
the supply of six-step-inverters with variable DC-link voltage
[3], process power supplies, etc., buck-type converter structures
which allow a variation of the output voltage in a wide range
and an output current limitation in the case of a short circuit
of the load gain more and more importance.

Buck-type PWM rectifier systems show a discontinuous be-
havior of the input current. Therefore, a LC low-pass input fil-
ter has to be provided for suppressing the switching frequency
components in the mains current. However, this does result
in additional capacitive reactive power drawn from the mains
and/or does impair the power factor of the recifier at low out-
put power. The aim of the input filter dimensioning is therefore
the limitation of the capacitance of the filter to a value as low
as possible and/or the selection of a maximum pulse frequency.

For the buck-type PWM rectifier system depicted in Fig. 1
[4] the switching power loss is influenced by the switching state
sequence within one pulse period and/or by the line-to-line
mains voltage being switched at the transition to a subsequent
switching state [5]. Three classes of switching state sequences
can be identified showing a ratio of the average values of switch-
ing power losses of 1 :

√
3 : 2. Therefore, for equal switching

losses pulse frequencies showing a ratio 1 : 1/
√
3 : 1/2 have to

be selected [7], [8]. However, the switching state sequence takes
influence not only on the switching losses but also on the time
behavior of the input filter capacitor voltage ripple. Therefore,
the ratio of the pulse frequencies does not provide the full scope
concerning the resulting capacitor voltage ripple.

In this paper the rms values of the input capacitor volt-
age ripple resulting for the different classes of switching state
sequences at equal switching losses are calculated and com-
paratively evaluated. This gives a basis for the dimensioning
of the input filter capacitors. In section II the basic princi-
ple of operation of the unidirectional three-phase/switch buck-
type PWM rectifier system and the calculation of the switching

losses are described briefly. Based on this, the time behavior of
the input capacitor voltage ripple is analyzed in section III.
There, the local ripple peak values of the phases, and the local
rms value of the ripple are calculated analytically [6]. Integrat-
ing the local rms value over a mains period leads to a simple
analytical expression for the global rms value of the voltage
ripple, which can be used to evaluate the modulation methods
in connection with the envelope of the capacitor voltage ripple
which does define the local peak values of a capacitor phase
voltage. Finally, the ripple characteristics are comparatively
evaluated in section IV for the different modulation methods,
and it is shown that the modulation method having minimum
switching losses also leads to a minimum rms value of the input
capacitor voltage ripple.
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Fig. 1: Structure of the power circuit of the three-phase/switch buck
power factor corrector.

II Basic Principle of Operation

In the following, the basic principle of operation of the system
depicted in Fig.1 is briefly explained. Based on the investi-
gation of the conducting states the related current space vec-
tors are calculated, and several possibilities for arranging the
switching states within one pulse period are analyzed.

A Assumptions and Definitions

For the sake of simplicity we assume for the further considera-
tions:

• a purely sinusoidal shape of the filter capacitor voltage
and/or uCF ,i ≈ uN,i where the mains voltage uN,i is
defined as

uN,R = ÛN cos(ωN t),

uN,S = ÛN cos(ωN t− 2π/3), (1)

uN,T = ÛN cos(ωN t+ 2π/3),



and/or in space vector notation as

uN = ÛN exp( ϕN), (2)

(ϕN = ωN t, ωN denotes the mains angular frequency),
and

• the inductor current I to be constant and impressed.
According to uCF ,i ≈ uN,i we will neglect

• the fundamental voltage drop  ωNLF iN across the input
filter inductors LF , and furthermore, we do neglect

• the mains current ripple, i.e., we will consider the mains
current iN,i as being equal to the fundamental of the
rectifier input current, iU,(1),i ≈ iN,i.

Remark: The space vector related to a triple of phase quanti-
ties is calculated according to the defining equation (shown for
the example of the buck PFC input current)

iU =
2

3

¡
iU,R + a iU,S + a

2 iU,T
¢

a = exp [ 2π/3] . (3)

In summary, for an ideally sinusoidal shape of the mains phase
voltage we would like to form a fundamental of the rectifier
input current lying in phase with the mains phase voltage
(ϕU ≈ ϕN )

i∗U,(1) = ÎU,(1) exp [ϕU ] ≈ iN (4)

where the index (1) does denote the fundamental component;
the switching frequency components of rectifier input phase
currents iU,i are largely suppressed by the input filter (LF , CF
in Fig. 1).

B Conduction States and Current Space Vectors

Due to the phase symmetry of the converter structure and due
to the (assumed) symmetry of the mains voltage system, the
investigation can be constrained to a π

3
-wide interval of the

mains period. At the case at hand we will consider the interval
ϕU ∈ (0; π

3
) being characterized by a relation of the mains

phase voltages of uN,R > uN,S > uN,T .
The characterization of the switching state of the buck rec-

tifier is given by the combination j = (sR sS sT ) of the phase
switching functions. For the denomination of the switching
states of the power transistors Si, i = R,S, T , switching func-
tions si are used in the following, where si = 0 denotes the
off-state, and si = 1 denotes the on-state. The conduction
states of the rectifier system are shown in Fig. 2, Fig. 3 shows
the related input current space vectors which are calculated
based on (3).

E.g., for sR = 1, sS = 1 and sT = 0 there results a positive
current +I in phase R and a negative current −I in phase S
due to uN,R > uN,S , and according to (3) an input current

space vector iU,(110) =
2√
3
I exp

£− π6 ¤ is formed at the input.
If all power transistors Si, i = R,S, T , are in the on-state, j =
(111), the system corresponds to a three-phase diode bridge.
Due to uN,R > uN,S > uN,T there follows iU,R = +I and
iU,T = −I. In this case, the generated input current space

vector iU,(111) =
2√
3
I exp

£
 π
6

¤
is equal to the space vector

iU,(101). Since no difference in the input phase current behavior

is given, the switching state j = (101) or j = (111) can be used
for achieving iU,R = +I, iU,S = 0 and iU,T = −I.
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Fig. 2: Conduction states of the buck rectifier valid for uN,R >
0 > uN,S > uN,T . The current flow is indicated by a bold line, the
power transistors are not shown explicitly for the sake of clearness.

�/6

��/6
iU,(110)

�

��U

iU,(101) ����

iU,(111)

�
(110) iU,(110)

� (101)i U,(101)

iU,(FW)

i U,(1
01

) 
�
�
i U

*

iU
,(110) �

�iU *

iU
*

Fig. 3: Input current space vectors iU,j according to Fig. 2 and to

(3), valid for uN,R > 0 > uN,S > uN,T and/or ϕU ∈ (0; π3 ), ap-
proximation of the reference vector i∗U via neighboring current space
vectors, and deviation between reference and actual space vectors.

C Switching State Sequences

For the formation of a given reference value i∗U of the input cur-
rent and/or of a related mains current iN ≈ i∗U only the space
vectors lying in the immediate neighborhood of i∗U are incor-
porated into the switching state sequence in order to achieve
a deviation as small as possible between reference and actual
space vectors. In general, the switching states valid within one
pulse (half) period have to be arranged in such a manner that
a minimum number of switching transitions of the power tran-
sistors and/or minimum switching losses do occur1.

There are several possibilities for arranging the switching
states within one pulse (half) period. The switching states can
either be arranged symmetrically (cf. Tab. 1, sequences 1 and
2) or asymmetrically (cf. Tab. 1, sequence 3) to the middle of
the pulse period. Besides that, the free-wheeling state can ei-
ther be placed in the middle of a pulse half period (cf. sequence
2) or at the beginning and/or at the end of a pulse half period,
respectively (cf. sequence 1). In Tab. 1 only switching state
sequences employing a clamped power transistor within a π

3 -
wide interval are given, however, one also has the possibility to
use the switching state j = (000) as a free-wheeling state. The
symmetric modulation methods presented here do not show
a difference regarding to the number of switching transitions

1For ϕU ∈ (0; π6 ) the space vectors iU,(101) ≡ iU,(111), iU,(110)
and iU,(FW ) are employed. j = (FW ) does denote the free-wheeling

state, (FW ) = (100), (010), (001), (000).



Seq. j1 j2 j3 j4 j5 j6 Scl.

1 (111) (110) (100) (100) (110) (111) SR
2 (110) (100) (101) (101) (100) (110) SR
3 (111) (110) (100) (111) (110) (100) SR

Tab. 1: Switching state sequences available for two subsequent pulse
half periods valid within ϕU ∈ (0; π6 ), Scl. does denote the power
transistor being clamped in the on-state.

(if those occurring at zero current are neglected), for switching
state sequence 3 there are more switching actions necessary, i.e.,
phase T does show twice the switching frequency as for method
1 and 2, switching of phase S is not influenced (considering a
mains phase voltage condition uN,R > 0 > uN,S > uN,T ).
And, as shown in the following, all modulation methods result
in different switching losses.

D Switching Losses

For the sake of simplicity we assume (i) the switching energy
loss w to be proportional to the switched voltage u(t) (the
proportional relationship is represented by a constant of pro-
portionality k), and (ii) a constant switched current I (as im-
pressed by the inductor L).

The average value of the global switching energy loss (re-
lated to a mains period TN ) can then be calculated from the
sum of the local switching energy losses w(t) (related to a pulse
period TP ) of all power transistors Si incorporated into the
switching actions via

W =
1

TN

Z TN

0

X
i

wSi(t)dt. (5)

Investigating e.g. sequence 1 in Tab. 1 we have: At the tran-
sition from the switching state j = (111) to j = (110) the
power transistor ST has to be turned off at a voltage uCF ,ST .
At the following transition j = (110) → j = (100) the power
transistor SS has to be turned off at a voltage uCF ,RS. In the
subsequent pulse half period the power transistors SS, ST have
to be switched on again at the same voltages, but in reverse or-
der. The switching energy loss within a pulse period can then
be calculated as

w(t) = k I (uCF ,ST (t) + uCF ,RS(t)) = k I uCF ,RT (t) (6)

with k = kon + koff. Due to the symmetry of the feeding AC
mains and the rectifier topology the integration can be con-
strained to an interval ϕU ∈ (0; π6 ). Based on (6) one receives
for the average value of the global switching power loss within
one mains period

P =W fP = (7)

=
1
π
6

Z π
6

0

k fP I uCF ,RT (ϕU ) dϕU =
3
√
3

π
k fP I ÛN .

The switching power losses for the switching sequences shown
in Tab. 1 are given in Tab. 2. With respect to Tab. 2 one
can see immediately that the modulation method with the
free-wheeling state lying at the beginning and/or at the end
of one pulse half period, respectively, are advantageous over
other switching state sequences regarding the switching losses.
Since the modulation method takes influence not only on the
switching losses but also on the rms value of the input capac-
itor voltage ripple, the input filter rms value is calculated for
the different modulation methods in the following section. This
does provide the basis for the dimensioning of the input filter
capacitor.

Seq. P/(fP k I ÛN )

1 3
√
3/π

2 9/π

3 6
√
3/π

Tab. 2: Average value of the switching power losses for the switching
states sequences given in Tab. 1.

III Ripple of the Input Filter Capacitor
Voltage

A Analytically Closed Calculation

As a quality functional the integral (related to a mains period)
of the square of the deviation

∆uCF = uCF − u
∗
CF

(8)

between the input capacitor voltage actual and reference value,
or the rms value of the input filter capacitor voltage, respec-
tively, is selected

Q = ∆U2CF ,RST,rms =
1

TN

Z
TN

∆u2CF ,RST,rms(τ)dτ . (9)

For the calculation of the quality functional Q one can choose
a simple equivalent circuit of the system (cf. Fig. 4) according
to

CF
duCF
dt

= iN − iU . (10)

uN uCF

iN iU
iCF

Fig. 4: Space vector equivalent circuit of the system AC side.

The space vector of the input filter capacitor voltage ripple
∆uCF can be calculated via

d∆uCF
dt

=
1

CF
(iU − i∗U ) (11)

with

CF
du∗CF
dt

= (iN − i∗U ) (12)

and the approximation of the circular trajectory of the refer-
ence voltage space vector by the local tangent

i∗U (τ ) = iN (τ)− ωCFu∗N(τ )
u∗N(τ + tµ) = u∗N (τ) + ωtµu

∗
N (τ),

(13)

where tµ denotes the local time being counted within one pulse
half period. Incorporating the neighboring current space vec-
tors with proper on-time δj in the formation of the input cur-
rent reference value (cf. Fig. 3) one receives

i∗U = iU,(110) δ(110) + iU,(101) δ(101) (14)



with

δ(111) = M sin(π/3 + ϕU ),

δ(110) = M sin(π/3− ϕU ), (15)

δ(111) = 1− δ(111) − δ(110),
where M denotes the modulation index of the buck rectifier,

M =
ÎN
I

M ∈ [0; 1] . (16)

With this, the local rms value (related to a pulse (half) period)
of the input capacitor voltage ripple can be calculated via

∆u2CF ,RST,rms(τ ) =
2

TP

Z tµ=
1
2
TP

tµ=0

3

2
|∆uCF |

2dtµ (17)

according to

∆u2CF ,R(tµ) +∆u
2
CF ,S(tµ) +∆u

2
CF ,T (tµ) =

3

2
|∆uCF |

2. (18)

For the calculation of the global rms value (being set equal to
the quality functional Q) related to a mains period we receive
with sufficiently good approximation for high pulse frequency

Q = ∆U2CF ,RST,rms =

=
1

TN

Z
TN

2

TP

Z tµ=
1
2
TP

tµ=0

3

2
|∆uCF |

2 dtµ dτ (19)

=
1

TN

Z
TN

∆u2CF ,RST,rms(τ ) dτ,

which allows a simple analytically closed calculation of the rms
value of input capacitor voltage ripple.

B Trajectory of the Voltage Space Vector

In the following, for one characteristic input current space vec-
tor i∗U the trajectories of the space vector of the input capacitor
voltage ripple ∆uCF (tµ) are given for the different switching
state sequences according to Tab. 1.

(1) Symmetric Switching State Sequences
Considering the different switching state sequences given in
Tab. 1 one can calculate the voltage space vectors ∆uCF ,tµi
in dependency on the global time τ . E.g., for switching state
sequence 1 one receives

∆uCF ,tµ1
(τ ) = δ(111)

£
iU,(111) − i∗U (τ )

¤ TP
2CF

, (20)

∆uCF ,tµ2
(τ ) = δ(110)

£
iU,(110) − i∗U (τ )

¤ TP
2CF

+∆uCF ,tµ1
(τ),

or

1

un
∆uCF ,tµ1

= ∆uCF ,tµ1 ,α + ∆uCF ,tµ1 ,β = (21)

=
1

2
δ(111)

£√
3 δ(100) +  (1− δ(111) + δ(110))

¤
,

1

un
∆uCF ,tµ2

= ∆uCF ,tµ2 ,α + ∆uCF ,tµ2 ,β =

=
1

2
δ(100)

£√
3 (δ(110) + δ(111)) +  (δ(111) − δ(110))

¤
,

respectively, with (11), (14) and Fig. 3, and

un =

√
3TP I

4CF
. (22)

In Fig. 5(a) the trajectory of the space vector of the input
capacitor voltage ripple ∆uCF (tµ) is shown with reference to

a current reference value i∗U as given in Fig. 3 for modulation
method 1. In Fig. 5(b) the trajectory is depicted for modulation
method 2 showing the same shape but a different position as
compared to the trajectory of modulation method 1, which
results in different time behavior of the capacitor voltage ripple.
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Fig. 5: Trajectory of the space vector ∆uCF (tµ) within one pulse

period, modulation methods 1: (a), 2: (b), and 3: (c).

(2) Asymmetric Switching State Sequence
The trajectory of the space vector of the input capacitor voltage
ripple for an asymmetric switching state sequence (cf. sequence
3 in Tab. 1) differs from trajectories of symmetric switching
state sequences concerning its position relative to the origin
(cf. Fig. 5(c)). For achieving the necessary condition of a local
mean value of the capacitor voltage equal to zero (which does
result automatically for a symmetric switching state sequence
and/or symmetric ripple trajectory) one has to properly posi-
tion the trajectory of the asymmetric switching state sequence
(by proper system control) with reference to the origin. Ac-
cordingly, an offset (∆u0,α;∆u0,β as shown in Fig. 5(c)) does
occur in a way that

2

TP

tµ= 1
2
TPZ

tµ=0

[∆uCF ,R(tµ) +∆uCF ,S(tµ) +∆uCF ,T (tµ)] dtµ = 0

is fulfilled. Then, the center point C0 is guided along a circle
within a mains period and the trajectoy of the corner C does



differ from a circular shape. For the following calculation we,
however, will assume a circular movement of C for the calcula-
tion of the rms value of the input filter capacitor voltage ripple
in a first step in order to avoid involved analytical calculations.
This does provide only a rough estimation of the actual per-
formance of the modulation method, but is justified later on
in Fig. 6 which does identify another modulation method as
optimal for practical application. This picture would not be
changed by a more accurate calculation.

C RMS Value of the Input Voltage Ripple

In the following, the rms value of the input voltage ripple for the
different modulation schemes according to Tab. 1 is calculated
via (19). For denoting the results the numbers of the switching
states sequences are given as indices, e.g., index 1 for switching
state sequence 1 in Tab. 1,

∆U2CF ,RST,rms,1 = (23)

=
M2

128π

¡−64M − 120√3M + 9
√
3M2 + 48π + 36M2π

¢
,

∆U2CF ,RST,rms,2 = (24)

=
M2

128π

¡−72√3− 160M − 27√3M2 + 72π + 36M2π
¢
,

∆U2CF ,RST,rms,3 =
M2

128π
(12π − 64M + 9Mπ) . (25)

In the sense of making a fair comparison of different modula-
tion schemes, the pulse frequency fP has to be modulated in
such a manner that the average value of the switching power
losses (cf. section D) related to a mains period is the same
for all modulation methods. According to Tab. 2 one has to
reduce the switching frequency for modulation method 2 by a
factor of

√
3, and for modulation method 3 by a factor of 2, in

order to achieve the same switching power loss as compared to
modulation method 1. The corrected rms values of the input
filter capacitor voltage in dependency on the modulation index
M of the buck rectifier is given in Fig. 6. With this, the value
of the input filter capacitor can be selected as being necessary
for obtaining a given (maximum) rms value of the input voltage
ripple.

D Time Behavior and Envelope of the Input Voltage Ripple

The knowledge about the time behavior and about the envelope
of the input filter capacitor voltage ripple is useful in connection
with the dimensioning of the input filter, because the rms value
∆UCF ,RST,rms only provides an integral information about the
ripple voltage time behavior. In the following, the time behav-
ior of the input voltage ripple in phase R which is calculated
based on the equations given in section A (cf. (20) for mod-
ulation method 1) is given for the following system operating
parameters (which are typical, e.g, for a system application
as front-end of a high-power telecommunications power supply
module):

P0 = 5kW UN,ph= 210V
U0 = 400V CF = 4µF
I = 12.5A fP = 20kHz

There, the modulation index follows as M = 0.9 according to
(16). The fundamental component is assumed as uN,R,(1) =

ÛN cos(ϕU ) (cf. (1)). The calculated time behavior is shown
in Figs. 7 (a)—(c), the voltage scale can be calculated based
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Fig. 6: Normalized rms value of the input capacitor voltage ripple
in dependency on the modulation index M for modulation methods
1, 2, and 3.

on (22), for modulation method 1 one receives for the reference
value of the normalization

∆un,1 =

√
3

4

12.5A

4µF10kHz
= 67.7V. (26)

For modulation methods 2 the pulse frequency fP has to be
reduced according to section C, for the reference values there
follows

∆un,2 = 117V at fP = 11.5 kHz

∆un,3 = 135V at fP = 10kHz.
(27)

In Fig. 8 the normalized envelopes of the input filter capacitor
voltage ripple within an angle interval ϕU ∈ (0;π/2) is given
for the different modulation methods 1, 2, and 3, at modu-
lation indices M = 0.3/0.6/0.9. The shape of the envelopes
is approximately equal, but one has to point out the different
scales of the normalized voltage, which already considers the
different pulse frequencies for the different modulation methods
according to Tab. 2 and section C.

IV Comparison of the Different Modulation
Methods

With reference to Figs. 5 and (22) the results shown in Fig. 6
become immediately clear: For increasing pulse frequency there
is a proportional decrease of the rms value of the input filter ca-
pacitor voltage ripple ∆UCF ,RST,rms, which shows a higher ef-
fect on the symmetric modulation method 2 than on the asym-
metric modulation method 3 (cf. Fig. 5(b) and (c)). This is
because of the size and the positioning of the corresponding
ripple trajectories in the coordinate system which results in a
lower instantaneous input capacitor voltage ripple rms value
for the asymmetric modulation method 3. Even though mod-
ulation methods 1 and 3 show approximately equal rms values
of the input capacitor voltage ripple, modulation method 1 is
advantageous over modulation methods 3 due to the higher
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Fig. 7: Time behavior of the input capacitor voltage ripple ∆uCF ,R
in phase R for M = 0.9 for modulation methods 1, 2 and 3.

switching frequency. For modulation method 1 a switching
frequency being higher by a factor of 2 as compared to mod-
ulation method 3 can be selected for achieving equal global
average switching losses, whereby the current harmonics occur
at higher frequencies what results in a lower filtering effort.

V Conclusions

In this paper different modulation methods showing different
average values of the switching losses (for equal switching fre-
quency) were compared concerning the input capacitor voltage
ripple. In order to obtain equal switching losses, the pulse fre-
quencies have to be adjusted: the switching frequency has to
be reduced for modulation method 2 (free-wheeling state in the

middle of the pulse half period) by a factor of
√
3, and for mod-

ulation method 3 (asymmetric switching frequency) by a factor
of 2 as compared to modulation method 1 (free-wheeling state
at the beginning and/or at the end of a pulse half period).

The considerations show that switching state sequence 1 is
advantageous over the other modulation methods concerning

• switching power loss,
• rms value of the input capacitor voltage ripple, and
• the pulse frequency.

Finally, we would like to point out that for the buck rectifier at
hand the implementation of free-wheeling states with all power
transistors in the off-state, j = (000), is advantageous over
modulation methods employing a switch clamped in the on-
state for free-wheeling. Both modulation methods show equal
switching losses, but implementing the free-wheeling by j =
(000) does avoid the occurrence of a sliding intersection of the
input capacitor voltages which would result in a low-frequency
mains current distortion, as will be decribed in detail in a future
paper.
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Fig. 8: Normalized input filter capacitor voltage ripple ∆uCF ,R for
different modulation indices M for modulation methods 1, 2 and 3.
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