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Current Ripple Analysis of Three-Phase
Vienna Rectifier Considering Inductance
Variation of Powder Core Inductor

Tao Wang *“, Changsong Chen

Abstract—Three-phase three-level Vienna rectifier using powder
core inductors has been widely used for power conversion. Inductor
current ripple analysis of rectifier is essential for pulsewidth modu-
lation method optimization, loss estimation, filter inductor design,
etc. However, it is hard to analyze the current ripple of Vienna rec-
tifier. Moreover, the inductance of powder core inductor varies with
sinusoidal input current, which makes it even more complicated. In
this article, a current ripple analysis method for three-phase Vienna
rectifier considering the inductance variation of the powder core
inductor is presented. The current ripple distribution of Vienna
rectifier with constant inductance is studied based on the space
vector approach. To determine the current ripple of Vienna rectifier
with powder core inductors, an inductor voltage calculation method
considering inductance variation is proposed. The compensation
voltage is introduced to compensate for the effect of inductance
variation on current ripple. Then, the analytical expression of the
peak-to-peak current ripple with powder core inductor is derived.
In addition, a design method of powder core inductor is proposed
based on the analytical expression. At last, the correctness of the
analytical result is verified by both simulation and experiment.

Index Terms—Current ripple analysis, inductor design, powder
core inductor, three-phase three-level rectifier, Vienna rectifier.

I. INTRODUCTION

HREE-PHASE three-level Vienna rectifier has been
T widely used in power conversion owing to the advantages
of high efficiency, high power density, simple structure, and
high reliability [1], [2]. The filter inductors are essential for
power converters and have influence on the efficiency and power
density of converters. The commonly used magnetic materials of
filter inductors in power converters include the ferrite and pow-
der cores [3]-[5]. Compared with the ferrite, the powder cores
have the advantages of high saturation flux density, no fringing
losses, and soft saturation. Therefore, the losses and size of the
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filter inductor can be reduced using powder core. The powder
cores have been widely used as the magnetic material of filter
inductors for power converters [6]—[12]. In [6], the powder cores
are applied in a 5-kW single-phase bidirectional inverter. The
inductance variation is from 650 pH to 4.6 mH and the efficiency
of the system reaches 97.5%. In [7], the powder cores are used in
a20-kHz, 10-k VA three-phase bidirectional inverter. In [11], the
powder E-cores from magnetics are used as the filter inductors of
a 10-kW three-phase, three-level pulsewidth modulation (PWM)
rectifier. The switching frequency is 48 kHz and a filter power
density of 13.1 kW/dm3 is achieved. In [12], the powder cores
from Micrometals are used as the filter inductors of a 10-kW
three-phase Vienna rectifier and the power density of the system
is 14.1 kW/dm3. As mentioned above, the powder core inductors
have been used in three-phase inverter, three-phase two-level
(2L) rectifier, three-phase three-level rectifier, Vienna rectifier,
etc. However, the inductance of the powder core varies with the
inductor current due to the soft saturation, which has impacts on
the performance of power converters.

The modulation methods have impacts on the current ripple of
the rectifier. Several modulation methods such as carrier-based
PWM) [13], [14], space vector modulation [15], [16] and dis-
continuous PWM [17]-[20] have been developed for three-phase
Viennarectifier. However, these papers have not shown a detailed
analysis of current ripple.

The research of the current ripple plays an important role in
filter inductor design, loss estimation, and modulation method
optimization. The value of filter inductor is designed based on
the maximum value of current ripple and the maximum current
ripple of filter inductor is typically limited to 20%—40% of the
nominal peak current [21]-[24]. In addition, the core loss of the
filter inductor is based on the peak-to-peak flux density (AB)
[25]-[27], which is derived by current ripple. Moreover, several
modulation optimization methods have been proposed based on
the current ripple analysis. In [28], a three-carrier-based SPWM
scheme is presented to reduce the current ripple of the line and
neutral current. In [29] and [30], a new switching sequence
called hybrid PWM technique is developed for three-phase 2L
inverter and the RMS value of current ripple is reduced. In [31],
the current ripple characteristic of zero common-mode voltage
PWM sequence is analyzed and a simple algorithm is developed
to reduce the RMS value of current ripple. In [32], a variable
switching frequency scheme is proposed to minimize switching
loss of a single-phase inverter. In [33], a new variable frequency
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PWM method is proposed to reduce the EMI and losses of 2L
inverters. However, there are a few literature works on ripple
analysis of three-phase three-level rectifier. Thus, it is necessary
to analyze the inductor current ripple of Vienna rectifier.

Several papers have concentrated on the current ripple analy-
sis. In [34], the analytical approach is introduced to estimate the
RMS value of the current ripple and the method is generalized
to an arbitrary level single-phase converter. In [35] and [36], the
switching ripple characteristic of five-phase 2L inverter for vari-
able speed motor drive is analyzed and the comparison of current
ripple with different modulation methods is implemented. In
[37]-[39], the current ripple of three-phase 2L inverter is studied
and the analytical expression of amplitude and RMS value of
ripple is derived. However, aforementioned papers are not for
the three-phase three-level converters and the current ripple of
inductor current is different with different circuit topologies. In
addition, the inductance variation is not considered.

Grandi et al. [40], [41] analyzes the current ripple distribution
of three-phase three-level converter, the analytical expression of
peak-to-peak current ripple is derived in all sectors with two
different methods. Moreover, a comparison of ripple amplitude
between 2L and 3L inverter is implemented. However, afore-
mentioned papers have not considered the inductance variation
of filter inductor either.

Only a few literature works have considered the inductance
variation of filter inductor [42]—-[44] when analyzing the current
ripple. Wu et al. [6]-[10] present the D-X control method to com-
pensate the wide value variation of the powder core inductors
and apply the method to different systems. In [44], the current
ripple of 2L inverter considering the inductance soft saturation
of powder cores is analyzed, and the analysis results of current
ripple are applied to the variable switching frequency PWM
method. However, these papers are for 2L converter or have
not presented the brief analytical expression of current ripple
peak-to-peak value.

To study the characteristic of current ripple of three-phase
Vienna rectifier with powder core inductors, a ripple analy-
sis method considering the inductance variation is proposed.
The inductor voltage with inductance variation is calculated
by introducing a compensation voltage to compensate for the
effect of inductance variation. Then, the analytical expression
of peak-to-peak current ripple is derived and an inductor design
method is proposed based on analytical expression, which can
guide the design of powder core inductor. The rest of the paper
is organized as follows: In Section II, the current ripple distribu-
tion for three-phase Vienna rectifier with constant inductance
is introduced. In Section III, an inductor voltage calculation
method with variation of inductance is proposed, and the an-
alytical expression of peak-to-peak current ripple is derived
in a fundamental period. Section IV gives the simulation and
experimental verifications of the proposed method. In Section V,
the conclusions of this article are given.

II. CURRENT RIPPLE ANALYSIS WITH CONSTANT INDUCTANCE
BASED ON SPACE VECTOR APPROACH

It is complicated to analyze the current ripple of three-phase
three-level Vienna rectifier compared with 2L converters. In this
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Fig. 1. Topology of three-phase Vienna rectifier.
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Fig. 2. Space vector diagram of Vienna rectifier.

section, a method based on space vector approach is proposed
to determine the current ripple of Vienna rectifier with constant
inductance.

A. Space Vector Diagram of Vienna Rectifier

The topology of the three-phase Vienna rectifier is shown in
Fig. 1. It consists of three four-quadrant semiconductors 7, —
T, six free-wheeling diodes D1 — Dg, two dc bus capacitors,
and filter inductors L, — Lgp. Vam — Ve represent the voltage
between terminal of phase legs and midpoint of dc capacitors.

The terminal voltage (v, Vpm, and v.,) of the Vienna
rectifier depends on both switching states and polarity of input
currents, which can be concluded in Table I. Here, V,, is the
output voltage and s, denotes the states of phase leg.

It can be seen that each phase leg is able to generate three
different levels (V,/2, 0, —V,/2). The space vector diagram of
the Vienna rectifier in complex plane is shown in Fig. 2.

The basic space vectors consist of six large vectors Vi, —
Ve, six medium vectors Va1 — Vase, and twelve redundant
small vectors Vi1 — V6. The lengths of three different vectors
are 2V, /3, V3V, /3, and V, /3, respectively. It should be men-
tioned that “p,” “0,” and “n” represent V, /2, 0, and —V,,/2,
repectively. The space vector diagram is divided into six main
sectors (I-VI) according to the polarity of currents. Each main
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Fig. 3. Single phase equivalent circuit in AC side, where x = a, b, c.

sector consists of six triangles and is divided into six subsectors
(1-6) accordingly.

B. Current Ripple Analysis Based on Space Vector Approach

Itis necessary to acquire the inductor voltage for current ripple
analysis. Based on the single-phase equivalent circuit in Fig. 3,
the inductor voltage can be derived as

dig

Lsmi
dt

= Usz — (va:m + vmn)

(z = a,b,0). (1)

= Usy — Uzn

Here, v, is the grid voltage, v..,,, denotes the terminal voltage
of phase leg, v,,, represents the middle point voltage referred
to mains neutral point (named common-mode voltage), and L,
is the filter inductance. The equivalent series resistance of L,
is neglected. The grid voltage v, is expressed in (2), where
the modulation ratio m is defined as m = Vs, /(V,/2), 6,
represents the phase angle of input voltage

Vo .
Vsz = Vem sint, = m? Slnea;, r=a,b,c. 2)

Assuming that the three-phase inductance is constant and
equal, v,,,, can be derived as

1
Umn = _g(vam + Vpm + Ucm)- (3)

It can be seen from (1) and (3) that the inductor voltage
is calculated by both grid voltage and three-phase terminal
voltages, which is determined by basic space vectors. With space
vector modulation, the sequence of basic vectors and dwell time
can be obtained according to the location of the reference vector
V.. Hence, the characteristic of current ripple in a switching
period can be determined by v and the location of V..

Due to the symmetry of input current, only the phase angle
of i, ranging from 90° to 180° needs to be considered. It is
reasonable to neglect the small phase shift between vy, 75, and
v, when the rectifier operates with unit power factor. Therefore,
the related sectors are illustrated in Fig. 4(a), which consists of
sector I-1, I-2, I-3, and the main sector II.

Considering that the reference vector V;. is located at sector
I-1, as shown in Fig. 4(b), the nearest basic vectors poo, onn,
pnn, and pon are selected to synthesis V.. In order to minimize
the switching losses and harmonics, the vector sequence in sector
I-1 is arranged symmetrically as poo-pon-pnn-onn-pnn-pon-
poo. The inductor voltages under different basic vectors and the
current ripple in sector I-1 are illustrated in Fig. 5, where ¢,
stands for the instantaneous value of input current, 7, represents
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Fig. 5. Current ripple analysis when the reference vector is located in I-1.

the averaged value of ¢, in a switching period, and T is the
switching period.

It should be noticed that vy, is between V,/3 and V,,/2 in
sector I-1 (only m < 1is considered here). The slope of current
segments “a-b,” “g-(a),” and “d-e” is positive while the slope
of the other current segments is negative. Thus, the maximum
value of i, happens at note “b”” while the minimum value of i,
happens at note “g” in the switching period. Then, the peak to
peak value of current ripple is derived as

ier = %f; ‘(USU« - %)tl + (Usa - 23V0 )t2 + (Usa_ %)%’
= % [(m sin, — 1)t; + (msinf, — 3)ts
+ (m sinf, — 2)%
irpp = Z‘1f1£>p/(V0/2Lsfs)

“)
where L, denotes the filter inductance, fs is the switching
frequency, vy, is expressed in (2), and i;‘pp is defined as the
normalized peak to peak current ripple in this paper. The corre-
sponding dwell time of space vectors ( ¢, t1, and t3) in sector
I-1 can be derived based on the principle of volt—second balance
[15], [16], as shown in (5). Here, 6,, 0, and 6. are the phase

angles of input voltages

t1 =m sinf, —m sinf,
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to =m sinfl, —m sinf, — 1
to=1—1t1 —to. (5

Assuming that the reference vector V. is located at sector
I-2, as shown in Fig. 4(c). The nearest vectors onn, poo, pon,
and oon are selected, the vector sequence in the switching pe-
riod is poo-pon-onn-onn-oon-pon-poo. The inductor voltages
and the instantaneous current under different vectors are de-
scribed in Fig. 6.

It should be mentioned that the slope of the current segments
“d-e,” “a-b,” and “g-a” depends on the location of V,.. When V.
is located at the “casel” of Fig. 4(c), vs, is greater than V, /3,
leading to the increase of current in segments “a-b,” “d-e,” and
“g-(a)”. In addition, the instantaneous value of ¢, at node “b” is
equal to the value at node “e,” and the value at nodes “d”’ and “g”
are equal as well. Consequently, the maximum value happens
at node “f” while the minimum value happens at node “c,” as
described in “casel” of Fig. 6. Then, the peak to peak current
ripple can be expressed as

lypp = —QLV:fS ‘(m sin 0, — %)tz + (m sinf, — %)%ﬂ|
brpp = irpp/(V0/2L5f8)

where the dwell time of vectors in sector I-2 is derived as ©
ti =m sinf, —m sinf,. — 1
to=1+m sinf, —m siné,
to=1—11 —to. (7)

On the contrary, the current in segments “a-b,” “d-e,” and
“g-a” decreases with V,. located in the “case2” of Fig. 4(c).
In the same way, the corresponding current ripple is illustrated
in the “case2” of Fig. 6, where the maximum and minimum
value of 7, is also at node “f” and “c,” respectively. Thus, the
expression of i, is the same as (6). Based on the analysis above,
the analytical expression of peak to peak current ripple can be
derived in all sectors of Fig. 4(a). Consequently, the distribution
of the current ripple of three-phase Vienna rectifier of ¢, with
constant inductance is illustrated in Fig. 7.

Where iy, represents the normalized value of peak to peak
current ripple, the range of modulation ratio is from 0 to 1.15,
the phase angle of i, is from 90° to 180°. It can be seen that
the current ripple distribution of three-phase Vienna rectifier is
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Fig.7. Currentripple distribution of three-phase Vienna rectifier with constant
inductance.
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Fig. 9. Max value of peak to peak current ripple versus modulation ratio.

complicated and there exists several local maximum points in the
“m—~0,” plane. To show the current ripple distribution clearly,
the waveforms of i’;pp versus 0, with m = 0.333, 0.667, 0.889,
and 1 are shown in Fig. 8.

Itcan be found that i, , have an obvious discontinuous point at
0, = 120°, which is the boundary of main sector I and sector II.
In addition, the location of the maximum ripple in a fundamental
period is related to the modulation ratio m. For example, maxi-
mum value of ¢y, , happens at left side of 120° with m = 0.667,
the max peak to peak value occurs at right side of 120° with m =
0.333, and the maximum value occurs between 160° and 165°
with m = 1. The side view of the current distribution in Fig. 8 is
shown in Fig. 9, where the envelope line reflects the relationship
between m and the maximum value of 4, in a fundamental
period. It should be mentioned that the envelope line in Fig. 9 is
useful to determine the maximum current ripple of three-level
rectifier with constant inductance, which is the basis for filter

inductor design. Although the analysis above is based on space
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vector modulation with unity power factor, the ripple analysis
method can be extended to three-phase three-level rectifier with
other modulation methods and power factors.

III. CURRENT RIPPLE ANALYSIS CONSIDERING INDUCTANCE
VARIATION OF POWDER CORE INDUCTOR

The powder core inductors have been widely applied due to
the significant reduction in size. However, the inductance varia-
tion of powder core inductors makes it more complicated to de-
termine the current ripple distribution of three-phase three-level
rectifiers. In this section, the current ripple with the inductance
variation of powder core inductor is analyzed and the analytical
expression of peak-to-peak current ripple is derived.

A. Characteristics of Powder Core Inductors

The permeability of powder core inductors has a significant
reduction with the increase of the magnetic field intensity. Thus,
the inductance will decrease with the growth of the absolute
value of inductor current. For convenience, the inductance of
powder core inductor is defined as

Lgy = azLs (x =a,b,c) )

where L, represents the inductance when the inductor current
is zero and is called the static inductance in this article. o, is
defined as saturation coefficient, which is related to the materials
of powder core. The common materials used for powder core
are “Fe-Si-Al,” “Fe-Si,” “Fe-Ni,” and “Fe-Ni-Mo,” the “Fe-Si”
is used for filter inductor in this article. The curve of saturation
coefficient versus magnetic field intensity is provided by the
manufactory [45], as shown in Fig. 10. It can be seen that «,, is
reduced to less than 30% with the increase of intensity, indicating
that the inductance of powder core inductors varies widely with
sinusoidal inductor current.

B. Proposed Inductor Voltage Calculation Method With
Inductance Variation

Considering the inductance variation of powder core inductor,
the mathematical model in ac side is modified in (9), where «,,,
v, and a are the saturation coefficients of three-phase inductors

di
Vsa = aaLs 7: + Vam + Vmn

di
= abLs?; + Vom + Umn
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di
Vse = acLsitc + Vem + Umn-

p (€]

In particular, v,,, is more complicated due to the unequal
three-phase instantaneous inductance [44]. Based on (9), v,
can be derived in (10), where ..o, is expressed in (11)

'Umn -

abac(vsa - Uam) + aaac(vsb - me) + aaab(vsc - vcm)

acom

(10)
(1)

Qcom = \/abac + ac + agQip.

For convenience, the variables 3,, By, and . are defined as

12)

The calculation of 3, — f3. is necessary to obtain the inductor
voltage, which is the basis for current ripple analysis. However, it
is almost impossible to obtain the analytical expression of 3, —
B based on the curve in Fig. 10. By observing the expression
in (12), some key characteristics of 3, — [3. are summarized as
follows.

1) By — B. swing at twice the fundamental frequency, be-
cause the saturation coefficients o, — «. are the function
of absolute value of inductor currents.

2) The averaged value of 3, — [, is 1/3 due to the symmetry
of three-phase currents.

3) The maximum value of 8, — . happens at the peak of
input current while the minimum value occurs at the zero
point of input current.

The simulation waveforms of /3, — /3. with sinusoidal three-

phase input currents are shown in Fig. 11.

Fig. 11 shows that 5, — 3. swing at twice the fundamental
frequency with the averaged value of 1/3. Therefore, 3, — (.
can be approximated with dc component adding twice frequency
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component as

Ba % + B sin (29a — g)
By ~ é + B sin (29(, - g)
Be & % + By sin (26‘C — g) . (13)

0, — 6. are the phase angles of input currents, (3, denotes
the amplitude of twice frequency component, which can be
calculated as

1

f=1 3

2

1 apQl

Bm = 5a|9a:% -5 =

2
3 Qcom

(14)

Still, it is very hard to calculate 3,, with Fig. 10. Thus, a
simple linear method of saturation coefficient is implemented.
The curve of o, — . is approximated with a straight line, as
expressed in

1- Qmin

g~ 1— i lia] =1 — (1 — atin) [sin 6,
m
1—amin . .
oap~1— — lis] =1 — (1 — aumin) [sin Gp]
m
1 — v
el — =m0 (1= ) [sin€|  (15)

I,

where iy, is the minimum saturation coefficient when the input
current reaches the peak value. Substituting (15) into (14), the
analytical expression of (3, is derived as

1+ Qmin 1 2 - 2amin
Bm = -5 =

14+ 50min 3 3+ 15aumin

Combining (10), (13), and (16), the expression of v,,,, with

inductance variation is obtained, as shown in (17). Here, C

is expressed in (18), v,,,1 is expressed in (19), and repre-

sents common-mode voltage with constant inductance, Av,,,
is called the compensation voltage

(16)

Vmn = — g(vam + Vb, + Vem)
- Bmc[( Vsa — Vam) (Vsb — Vbm) (Vse — Ucm)]T
= Upmnt + AUpp 17)
C = [cos26, cos 26y cos 26, | (18)
Umnl = — g(vam + Vb + Vem)- (19)

It can be seen that the common-mode voltage with inductance
variation (v,,,,) can be calculated by common mode voltage with
constant inductance (v,,,1) adding the compensation voltage
Avpyy,. Deriving from (17), Av,,, is simplified to

T
A'Umn = - 6mc[( VUsa — /Uam) (Usb - me) (Usc - /Ucm)]
V. 3
— ? <_2 Bmm sin 30, + B,,LCST> (20)
where ST = [s, s, s.]T represents the states of phase legs,
z = 1) %0, “—1” denote that the terminal voltages are

positive, zero, and negative, respectively. By observing (20),

4573

Vgctor: poo : pon : pnn : onn : onn | pnn | pon : poo
Ve | V6, 0 V6 | VI3 VI3 V6, O | F/6,
oo [ deeaee RO LGS (IS ARNCINS e R L
H . v, v Vi v, 4 20 4
' di Iv ey —oly —Ze —ly, -y, — ey, = Y, -
:QL a Vsa 3 Ivm 2 IVW 3 IVM 3 IV“ 3 va 3 | ) | 3
:

dt 'AV (poo)'Av (pon’Avm(pnnﬂAv (onn)lAv (onn)Av (pnn)'Av (pon)Av ,,,,, (poo)'

| 0
/h\ i P i i 3 i
I I N I~ 1 _— (3
| ' e d g
I T K

s

Fig. 12.  Current ripple analysis with inductance variation of powder core
inductor when wv,- is located in sector I-1.

the compensation voltage Av,,,, is determined by basic vectors,

all phase angles 6, — 6. and ay,;,. Finally, the inductor voltage
with inductance variation is derived as
di
aaLs# = Usa — Vam — (U'rrml + Av'rrm)

= Usq — Vanl — Av'rnn- (21)

Compared with (1), the compensation voltage Av,,, is in-
troduced to compensate for the effect of inductance variation
on inductor voltage. The inductor voltage with the inductance
variation of powder core inductor is related to not only the basic
space vector and input voltage but also the minimum saturation
coefficient oy,;, and all the phase angles 6, — 6.

C. Current Ripple Analysis Considering the Inductance
Variation of Powder Core Inductor

By introducing the compensation voltage Av,,,, the inductor
voltage with inductance variation can be calculated analytically
based on (16), (20), and (21). Accordingly, the current ripple
with inductance variation of powder core inductor can be deter-
mined. Assuming that the reference voltage v, is located at sector
I-1, as shown in Fig. 4(b), the inductor voltage and corresponding
current ripple are illustrated in Fig. 12.

It can be found that the compensation voltages under dif-
ferent space vectors are added to the inductor voltage. Still,
the maximum value of 7, happens at the node “b” while the
minimum value of ¢, happens at node “g” in sector I-1. Thus,
the peak-to-peak current ripple in a switching period in sector
I-1 can be expressed as

(m sin@, — 1 — Avpy,y,(pon))ty
Avpp (pnn))ta
Avy,, (onn))

1

; — Vo 1 ; _ 4 _
irpp = FLF e + (m sinf, 3

+ (m sinf, — 2 —
Z‘lfpp* = Z‘rpp/(VO/QLsfs)
(22)

where the dwell time of space vector tg, t1, and 5 in
sector I-1 are given in (5). The compensation voltages
Avpn (pon),Avy,, (pnn), and Av,,,(onn) are calculated
based on (20) and normalized by V, /2. The saturation coefficient
is calculated with (15). Similarly, the analytical expressions of
peak-to-peak current ripple in other sectors can be derived using
the same method. The current ripple distribution of three-phase
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Vienna rectifier with powder core inductor (ay,i, = 0.5) is il-
lustrated in Fig. 13, where 7}, represents the normalized value
of peak to peak current ripple and the range of m is from O to
1.15.

Only the phase angle of ¢, from 90° to 180° is analyzed
due to the symmetry of three-phase currents and several peaks
also exist in the “m—6,” plane. To compare current ripple with
constant inductance, the curves of iﬁpp with different modulation
ratios when the minimum saturation coefficient av,;, = 0.5 are
shown in Fig. 14. It shows that the current ripple distribution in a
fundamental period varies with m. In addition, the peak-to-peak
value of current ripple with inductance variation is much higher
due to the significant decrease of inductance. It should also be
emphasized that the peak-to-peak current ripple in Figs. 13 and
14 is calculated with ayyin, = 0.5 and the ripple distribution will
be different under other values of oy, .

D. Design of Powder Core Inductor Based on Maximum
Current Ripple Amplitude

The maximum peak-to-peak current ripple in a fundamental
period is usually limited to a certain value [22]-[24], which is the
basis for filter inductor design. The side view of Fig. 13 is shown
in Fig. 15, where the envelope line reflects the curve of maximum
peak-to-peak current ripple versus m with ay,;, = 0.5.

It should be mentioned that the phase angle where the max-
imum ripple happens is determined by the modulation ratio
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Max value of 7,
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Modulation ratio m

Fig. 15. Max value of peak-to-peak current ripple versus m with omin = 0.5.

TABLE II
REGIONS AND ANGLE WHERE MAXIMIUM RIPPLE HAPPENS

Regions and phase Maximum peak-to-

Modulation . .
. where maximum ripple peak value of current
ratio .
happens ripple
0o<m<m Regionl, 6, = 120° ihax1 = brpp(r1,120°)

Region2, 6, = 180°
Region3, 6, = 180°
Region4, 6, = 120°

my<m<m,
m, <m<mg
ms<m<my

iaxa = Lpp(12,180°)
ihaxs = Lpp(13,180°)
IMaxa = brpp(14,120°)

m,<m<1 Region$, 6, = 90° iMaxs = brpp (15,90°)
1<m<115 Region3, 6, = 160° iMaxe = brpp(13,160°)
st
AR\ g :%
/ 00/ onn \
Region 1 p Region 5
Fig. 16.  Possible regions where the maximum current ripple happens.

m and the minimum saturation coefficient «,;,. The region
and phase angle where maximum current ripple happens can
be concluded in Table II, where iy,. | — “31ax ¢ FEPrEsent the
analytical expression of max current ripple in regionl-region5
of Fig. 16.

For example, when ms < m < my, the maximum peak-to-
peak current ripple occurs at 120° with V. located in region4
of Fig. 16 and i’;pp(rél, 120°) in Table II represents the analyt-
ical expression of the 4, in region4 with the phase angle of
120°, which is the function of modulation ratio and minimum
saturation coefficient avy;y,.

However, the values of m — my are different under different
Qlmin, the maximum value of 43, | — i3ax ¢ Dave to be found
to determine the maximum peak-to-peak current ripple with
different m. Consequently, the required static inductance of
powder core inductor can be calculated in

Vo o

L.> 2o
7 QAT max

(23)
where L, denotes the static inductance, fs is the switching
frequency, V,, represents the output voltage, A/ stands for the
maximum allowable peak-to-peak current ripple, and 7;,,, is

the maximum value of i};,, | — #}1ax 6- 1he design flow chart
of the powder core inductor for three-phase Vienna rectifier is
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Stepl:determine the system
parameters and design objectives
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Step2:calculate the normalized
maximum peak-to-peak current ripple

i C=max{i_ "

. ®
max ‘max | Nlmaxb }

Step3:calculate the static inductance of]|
powder core inductor

L\' > . i*max
S 2fAI
Fig. 17.  Proposed design method of powder core inductor.
TABLE III
PARAMETERS OF POWDER CORE INDUCTOR
Parameter Value
Material Fe-Si
Permeability 60 1
Dimension OD x ID x HT 46.7mm X 24.1 mm X 18 mm
Path length 10.7 cm
Inductance factor 124nH/T?
Winding turns 52
Static inductance 340 uH

350

Inductance(uH)

27A,170uH)|

0 5 10 15 20 25 30 35 40
Inductor Current (A)

Fig. 18.  Inductance versus the absolute value of inductor current.

proposed, as described in Fig. 17. Based on the proposed design
method, the designed static inductance and minimum saturation
coefficient powder core inductor can be determined.

The detailed design parameters of powder core inductors are
shown in Table III, where the material is “Fe-Si,” the part number
is “78 439” from the magnetics. oy, 15 0.5 at the peak of current,
AT is designed at 20% of nominal peak current, the switching
frequency is 30 kHz, and the output voltage is 700 V.

Based on the design parameters in Table III and Fig. 10, the
waveform of the inductance versus the inductor current can be
derived in Fig. 18. It can be seen that the peak value of the input
current at normal load is 27 A and the corresponding inductance
is half the static inductance (170 uH).

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Verification With Constant Inductor

To validate the correctness of the current ripple analysis with
constant inductance in Section II, simulations are carried out for
athree-phase Viennarectifier. The key simulation parameters are
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V,=700V). (c) m = 0333 (Vo =

as follows: the output voltage is 700 V, the switching frequency
is 30 kHz, and the inductance is 300 pH. In order to verify
the analytical expressions of peak-to-peak current ripple at all
sectors in Fig. 4, the simulations with m = 0.889 (Vi,, =
311V, V, =700V), m = 0.667 (Vs,,, =233V, V, =700V),
and m = 0.333 (Vj,,, = 117V, V, =700 V) are implemented,
respectively. The simulation waveforms of input current and
corresponding current ripple in a quarter of fundamental period
(from 6, = 90° to 0, = 180°) are illustrated in Fig. 19, where
14, 1, and ¢, are three-phase input currents and the fundamental
frequency is 50 Hz. The simulated current ripple is the error
between the instantaneous value 7, and the averaged value in
a switching period 4,. The calculated current ripple is half of
irpp» Which is obtained by the analytical expression derived in
Section II.

It can be seen that the calculated current ripple amplitude
envelopes the simulation waveform of the current ripple, which
means that the calculated peak-to-peak current ripple is close to
the simulation results in all sectors shown in Fig. 4. However,
there exists a little error between calculated and simulation
results near the zero-crossing of i, which is caused by the
inherent current distortion around the zero-crossing point of
Vienna rectifier [17]-[20].
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B. Simulation Verification With Powder Core Inductor

Three-phase Vienna rectifier with powder core is simulated in
Matlab/Simulink, and the powder core inductor is modeled by
the controlled current source based on the inductor parameters,
as illustrated in Fig. 20.

The simulated current ripple of the three-phase Vienna rec-
tifier with powder core inductor is shown in Fig. 21, where the
RMS value of input line-to-line voltage is 380 V, the output
voltage is 700 V (the modulation ratio is 0.889), the switching
frequency is 30 kHz and the load is 39 . In addition, the
powder core inductor model in Fig. 20 is used and the inductance
variation is from 340 pH to 170 pH.

It can be seen that the amplitude of the simulated current
ripple is close to the calculated results. However, there exists
a little error between the simulation and calculated results,
because there exists inherent current distortion at zero-crossing
points and the value of common-mode voltage with inductance
variation is calculated approximately.

C. Experimental Verification With Powder Core Inductor

The expression of peak-to-peak current ripple considering the
inductance variation is verified by a three-phase Vienna rectifier
prototype with powder core inductors, as shown in Fig. 22.

The experiment parameters of the prototype are shown in
Table IV. The nominal power is 12.5 kW, the RMS value of
input line-to-line voltage is 380 V, the peak current at nominal
load is 27 A, the inductance of powder core inductors varies
from 170 pH to 340 pH at the nominal load, and the switching
frequency is 30 kHz. The detailed design parameters of powder
core inductor are shown in Table III.

The experimental waveforms with powder core inductor are
illustrated in Fig. 23, where ¢,— i, represent the input currents
and v, is the output voltage. The output voltage is 700 V in steady
state and the peak value of input currents is 27 A. Fig. 23(c) and
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Fig. 22.  Three-phase Vienna rectifier prototype.
TABLE IV
DESIGN PARAMETERS OF PROTOTYPE
Symbol Quantity Values
P, Nominal power 12.5 kW
Vi Nominal grid voltage 380 V(RMS value)
v, Output voltage 700 V
I Peak current 27A
Lgy Inductance 170~340 uH
Cp, Cn DC bus capacitance 880 pF
fs Switching frequency 30 kHz
fo Fundamental frequency 50 Hz
Vps =600V, Ip =
STW48NM60N Power MOSFET 444 Ry = 55mQ
. Vg =1200V, I =
APT30DQ120B Ultrafast recovery diode 304V, = 25V
I s V, :[200V / div] e Vi :[200V/ div]
meggmga 0Ty .
Y

i, :[104/ div] 0104/ dv] -
!

e
\

. R
i :[10f/dw]
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Fig.23.  Experimental waveforms. (a) Input currents in a fundamental period.
(b) Input currents in half a fundamental period. (c) Details of i, at 8, = 90°.
(d) Details of i, at 0, = 120°.

(d), respectively, show the details of input current at 6, = 90°
and 0, = 120°, where the peak-to-peak values of input currents
are measured by oscilloscope and the value in the parentheses are
calculated based on the analytical expression. The experimental
value of peak-to-peak current ripple at 90° and 120° are close to
theoretical results. In addition, Fig. 23(d) shows that the peak-
to-peak current ripple changes suddenly at #, = 120°, which is
consistent with the theoretical analysis.

The comparison of experimental current ripple and the cal-
culated current ripple amplitude is shown in Fig. 24, where the
waveform of i, from 90° to 180" is presented. The experimental
waveform of current ripple is obtained by i, — i, based on the
experimental data. The calculated current ripple amplitude is



WANG et al.: CURRENT RIPPLE ANALYSIS OF THREE-PHASE VIENNA RECTIFIER CONSIDERING INDUCTANCE VARIATION

<
=
5
E
3
H
2
]
<
2
=3
e
=
g
LE) Experimental wayeform of current ripple
0.047 0.048 0.049 0.05 0.051
time/s

Fig.24. Experimental current ripple with powder core inductor from 6, = 90°
to 0, = 180°.

half of ¢,,,, which is obtained based on the analytical expression
in Section III. It can be observed that the calculated ripple
amplitude nearly envelopes the experimental waveform of cur-
rent ripple, which validates the correctness of the current ripple
analysis with inductance variation of powder core inductor.

However, there exists little errors between the real and calcu-

lated value of the current ripple amplitude. The possible reasons
are as follows.

1) B4 — B.and saturation coefficients v, — «. are calculated
approximately.

2) The inherent zero-crossing distortion of the input current
of Vienna rectifier will occur with space vector modula-
tion.

3) The system parameters and experimental conditions may
be different from the ideal value.

4) Measurement errors caused by oscilloscope and current
probe exist.

V. CONCLUSION

The inductance variation of powder core inductor makes it
complicated to determine the ripple distribution of the three-
phase three-level Vienna rectifier. This article presents the
current ripple analysis method for three-phase Vienna rectifier
considering the inductance variation of the powder core inductor.
An inductor voltage calculation method with variation of induc-
tance is proposed. Then, the analytical expression of peak-to-
peak current ripple with inductance variation is derived, which
is useful for modulation method optimization, loss estimation,
and powder core inductor design. In addition, a design method
of powder core inductor is proposed based on the current ripple
analysis with inductance variation. Finally, the simulation and
experimental results of current ripple amplitude are close to
the theoretical value, which validates the correctness of current
ripple analysis in this article.
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