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Abstract — In this paper the active DC side current bal-
ancing of parallel connected three-phase buck-type rectifier
systems is investigated using space vector calculus. Modula-
tion schemes for the parallel connection are derived from the
switching state sequences known for a single system and are
comparatively evaluated by digital simulation. The indepen-
dent current AC and DC side current paths are shown and
two control schemes are presented which allow to balance the
DC side currents of the individual systems. All theoretical
considerations are verified by digital simulations.

1 Introduction

In [1] a novel three-phase three-switch buck-type unity
power factor rectifier with integrated DC/DC boost con-
verter output stage was presented, which allows to con-
trol the output voltage to Uy = 400V within an univer-
sal input voltage range of Uy,—; = (208...480) Vims
line-to-line [2]. A prototype with a rated output power
of 5 kW and a pulse frequency of fp = 23.4kHz was re-
alized at the Vienna University of Technology. In order
to achieve a higher output power of 10kW two systems
are connected in parallel and controlled in interleaved
manner. This shows the following advantages over a
single system of higher power:

e the input currents show a more continuous shape,

e cancellation of current harmonics with pulse fre-
quency, i.e the first current harmonic does occur
at twice the pulse frequency, 2fp, and therefore

e the cut-off frequency of the input filter can be
shifted to higher frequencies, resulting in a re-
duction of the input filter size and in a higher
admissible dynamics of the output voltage con-
trol.

There are two possibilities for realizing the parallel con-
nection of two three-phase buck-+boost PWM rectifier
systems: the two individual systems can be connected
at the output terminals (cf. Fig. 12(a) in [1]) or one can
connect the systems at the collector- and emitter-pins of
the boost power transistor, i.e., both systems do share
a single boost output stage.

In this paper all considerations are limited to the
buck input stage in order to keep the investigation gen-
erally applicable. There, one has to provide a solution
for active current balancing in case the boost transis-
tor is deactivated, i.e. at high input voltages Un,;—1 >

Johann W. Kolar

Swiss Federal Institute of Technology (ETH) Zurich

Power Electronic Systems Laboratory
ETH-Zentrum, Physikstr. 3, ETL H22
CH-8092 Zurich/Switzerland
phone: +41-1-632 2834
fax: +41-1-632 1212
kolar@lem.ee.ethz.ch

360V for an output voltage Uy = 400V. By providing
a boost output stage for each system another degree of
freedom for balancing the DC current is given, which
will be analyzed in a future paper. The parallel connec-
tion of two buck input stages is shown in Fig. 1.
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Fig. 1: Parallel connection of two three-phase/switch buck-
type PWM rectifier systems.

Different strategies for paralleling three-phase buck-type
PWM rectifier systems have been investigated in the lit-
erature where the power modules were interleaved in or-
der to reduce current harmonics and/or the input filter
size. The parallel connection of two three-phase/switch
buck-type PWM rectifier systems was treated in [3], and
[4], but no control concepts for active DC side current
balancing were given in this publications.

To the knowledge of the authors, active balancing
of the DC currents of paralleled buck-type rectifier sys-
tems so far was investigated only in [5]. There, model-
ing and control were derived from a control concept for
three-phase boost-type rectifiers by measuring the zero-
sequence current on the AC side of the rectifier system
(cf. [6]). However, as a closer analysis shows, no di-
rect relation is given between the AC side zero-sequence
current and DC side current unbalance, i.e. for differ-
ent unbalance conditions which would require different
balancing control actions an identical zero-sequence cur-
rent does occur.

Therefore, in this paper a novel and comprehensive
analysis of the paralleling of n buck-type rectifier sys-
tems is given based on the space vector calculus consid-



ering the occurrence of (2n — 1) independent currents
on the DC side. In section 2 the space vectors which
are available for input current formation are given and
analyzed concerning their switching state redundancy.
Furthermore, the derivation of space vector modulation
schemes for parallel operation of two rectifier systems
is treated and comparatively evaluated by digital simu-
lations. Section 3 describes the independent currents
existing for the parallel connection of n buck type rec-
tifier systems, and two control structures are presented
which do allow to control the balancing of the DC side
inductor currents. Furthermore, simulation results con-
firming the proposed control concept are given in sec-
tion 4.

2 Space Vector Modulation

In this section, the input current space vectors which are
available at the AC side of two parallel connected rec-
tifier systems are determined, and different modulation
schemes employing redundant current space vectors are
developed.

2.1 Rectifier Input Current Space Vectors

For the characterization of a switching state of one sys-
tem we use the combination j = (srsssr) of the phase
switching functions s;, ¢ = R, S,T. There, the switch-
ing function does define the switching state of the cor-
responding power transistor, where s; = 0 denotes the
off-state, and s; = 1 denotes the on-state.

For achieving a resistive fundamental mains behav-
ior, in, ~ un,, and for neglecting the fundamental
of the input filter capacitor currents (in, = iv,(1),),
fundamentals iy (1),; of the discontinuous rectifier in-
put phase currents iy,; lying in phase with the corre-
sponding mains phase voltage un,; (~ ucF,i) have to be
formed. There, only the space vectors lying in imme-
diate neighborhood of a given reference value ij; of the
input current and/or of a related mains current iy ~ ij;
are incorporated into the switching state sequence in or-
der to achieve a deviation as small as possible between
the reference and the actual current space vectors.

If we, e.g., consider a combination of the mains
phase voltages

un,r > 0> un,s > un,T (1)

being valid within the mains angle interval ¢y € (0; £)
(denoted as ”interval 1” in this paper), in case the mains
voltage un,; is defined as

UN,R Un cos(wnt),
un,s = Uncos(wnt —27/3), (2)
unr = Uncos(wnt+ 271/3),

the current space vectors available for current formation
at the input side of the parallel connection of two single
systems I and II (cf. Fig. 1) within interval 1 and the
subsequent mains interval are compiled in Tab. 1 and
are depicted in Fig. 2 (cf. Fig. 2in [7]). The given space

vectors show three different magnitudes (apart from the
zero vector), i.e., the total rectifier systems equals a
three-level topology. Current space vectors showing a
redundancy of switching states concerning current for-
mation (i.e. by different input currents iv,;,r and iv,i 11
of the individual systems the same total current space
vector i;; is formed at the input side) are marked with
an asterisk (*).

*  dya = %Ie*”/6 iyg= %16””/6
iyp = %Ieﬂ"/6 * iy p= 2 Jetm/3

* igo=21 *  igg= %16””/2

¥ dyp= %Ieﬂr/ﬁ ipg = %Ieﬂr/?

Tab. 1: Current space vectors for parallel operation of two

systems for ¢y € (0;7/3). Redundant space vectors are

marked with an asterisk (*).
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E.g., current space vector iy p (cf. Tab. 1) can be
formed by two different strategies;

Strategy I: one system is in active state (a current
space vector i;; # 0 is formed at the input of the system)
and the other system is operating in free-wheeling state,
e.g.,

jr = (101) Iretom/s

jrr = (100)

. 2
y,(101),1 = ﬁ

Ly, (100,11 = 0

®3)

or Strategy II: both systems are in active state,

, . 2 -
]I:(llo) 2U,(110),I:%116 Jm/6

, . 9 (4)
Jir = (011) Ly, (011),11 = %]IIL

If I; = I;r = I (as assumed for current symmetrization)
in both cases the total current space vector (cf. Fig. 2)

2 [etim/6

V3

is formed at the input side of the parallel systems. There-
fore, input current space vector iy, (cf. Tab. 1) can be

Lo, (1) T v t g, = =iyp (5

Jrr
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Fig. 3: Redundant switching states concerning input current formation (cf. (8) — (10)) for switching states (a): j = (1(1)(1))7
(b): j = (111), and (c): j = (110). The current paths are indicated by bold lines, for the sake of clearness, power
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semiconductors which are not involved in current conduction are omitted. The potentials effecting the current change rates
in the DC side inductors related to a fictitious neutral point N, and the buck-stage output voltages ur, urs are given.

obtained via switching states

() = () or (o) or (40).

or by exchanging switching states j; and jr;.

Remark: Switching state j = (000) must not be
used in order to avoid overvoltage peaks across the DC
side inductors. Due to the DC side current ripple the
instantaneous current values in the positive and nega-
tive DC link rail are not equal. At the transition from
switching state 7 = (110) to 5 = (000) the Kirchhoff’s
current law is not fulfilled at the connection point of
cathode and/or at the anode of the free-wheeling diode
to the DC link bus which results in an overvoltage spike
across the inductors forcing the currents to an equal
value. Therefore, one power transistor has to be kept
in the on-state during the free-wheeling state; one can
clamp the power transistor in the on-state in that phase
where the mains phase voltage either

e shows the highest absolute value (e.g., phase R in
interval 1 [3]), or

e lies between the two other phases (e.g., phase S
in interval 1 [1]).

However, different rates of change dir/dt of the cur-
rent are obtained for the DC side inductors L7, depen-
dent on the switching states of the rectifier systems re-
sulting in different voltages applied to the input side of
the DC side inductors. In Fig. 3 the switching states
given in (6) are shown and the potentials ¢ of positive
and negative DC link rails related to a fictitious neu-
tral point N are given. With this, the current change
rates dir, /dt can be calculated for the considered switch-
ing states in dependency on the mains line-to-line volt-
ages URT,URSs,usT which are applied to the buck input
stages ur, urr and on the output voltage Uy within the
considered mains interval 1;

i+
.Ll URT
d Lt 1
= Lo =—D/,, \" URS (7
at | i,- aL” (j1) | usr
Ug

1 0 0 -2 —
3.0 0 -2
D(}g)g)) 1 00 -2 — (®)
-1 0 0 -2
1 -2 0 -2\ +
-1 2 0 -2
D) 1 20 -2 « O
3 -2 0 -2
0 2 0 -2
0 2 0 -2
D(g)};)) - 0 -2 0 2 (10)
0 2 4 -2

One can see that for different switching states (resulting
in the same input current space vector QU, D) the rates
of change of the current differ from each other, i.e., the
balancing of the DC currents can be performed by the
different switching states. Equal current change rates
(marked by an arrow in (8) and (9)) are due to the
direct parallel connection of DC link inductors, e.g., for

switching state j = (1(1)(1)) current change rates di, + /dt
1

and di, +/dt are equal due to the parallel connection
2

of Ll+ and L;’. However, in an experimental setup, the
proportion of the absolute currents in the inductors will
be determined by impedances of the current paths.

2.2 Derivation of Space Vector Modulation
Schemes

There are two possibilities for developing space vector
modulation schemes which

e provide a possibility for DC current balancing,
e operate in an interleaved mode in order to

e show minimum input current and/or input filter
capacitor voltage ripple (i.e., only current space
vectors lying in the immediate neighborhood of
the reference current space vector are incorpo-
rated into the switching state sequence).

First, switching states fulfilling the above-mentioned re-
quirements are freely arranged within one pulse (half)
period. There, numerous possibilities are given, in [7]



this strategy was used for DC side current balancing
in a low switching frequency high power application.
Alternatively, a switching state sequence for a single
three-phase PWM rectifier system is taken as a basis
for the space vector modulation scheme of the parallel
connection, where the modulation of the second rectifier
system is shifted by half or a quarter of a pulse period
with reference to the first rectifier system.

In the case at hand, space vector modulation schemes
were developed employing the second method based on
two different modulation schemes for a single rectifier
system [1]; in modulation scheme 1, the free-wheeling
state is lying at the end (at the beginning) of one pulse
half period, while for modulation scheme 2 the free-
wheeling state is placed in between two active switching
states in the middle of one pulse half period. Consid-
ering interval 1 of the mains period, one receives for
modulation scheme 1,

|, _, (111) (110) (100) |, . (11)

where the power transistor of the phase which shows
the maximum absolute phase voltage value is clamped
in the on-state (phase R). If the power transistor of
the phase showing the minimum absolute voltage (i.e.,
lying in between the other two phases) is clamped in the
on-state within a 7/3-wide interval of the mains period
(phase S), one receives

|m=0 (111) (110) (010) |tM:TP/2, (12)
and for modulation scheme 2,

|m=0 (111) (100) (110) |tM:TP/2, (13)
or

|m:0 (111) (010) (110) M:Tp/z' (14)

In Fig. 4 modulation schemes for a single rectifier sys-
tem are given which are symmetric (cf. (b)), or asym-
metric (cf. (c)) with reference to the middle of one
pulse period. The modulation scheme for the paralleled
rectifier systems can now be achieved by shifting the
switching state sequences by half a pulse period for the
symmetric modulation scheme (cf. Fig. 4(d)), and by a
quarter of a pulse period for the asymmetric modulation
scheme (cf. Fig. 4(e)).

The different modulation schemes were implemented
in a simulation program cAsPoC® [8] and compared
in order to determine the scheme fulfilling the above
defined requirements. There, no control algorithm for
balancing the DC link currents was provided in order
to evaluate the self-stability of current sharing proper-
ties of the different schemes. Furthermore, the mains
filter was omitted in order to concentrate on the essen-
tials and to avoid undesired effects. Figure 5 shows
the simulation results of DC link currents ¢ LE) mains
phase currents in;, @ = R, S,T, and the current space
vectors of the total rectifier input currents iy,; as well
as the current space vector of the mains phase currents
in, (cf. Fig. 1) for the following system parameters:

Li, = 1mH, Un,ph = 235V
Uy =400V Iy, =25A
fv  =50Hz fp = 25kHg,

(f~ denotes the line frequency, fp the pulse frequency).

The comparison shows that there is a distinct dif-
ference between the results of the employed modula-
tion schemes. By arranging the free-wheeling state at
the end (at the beginning) of one pulse half period and
by clamping the power transistor of the phase showing
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Fig. 4: Development of modulation schemes within one
pulse half period for parallel connected rectifier systems
based on the modulation scheme for a single rectifier system
in interval 1 of the mains period (a). Modulation schemes
within one pulse period, arranged symmetrically (b) and
asymmetrically (c¢) around the center of one pulse period.
Schemes for paralleled rectifier systems (d), (e), interleaving
is achieved by proper phase-shifting (indicated by an arrow).
t, is a time being running locally within a pulse period.

Fig. 5: Simulation results for different modulation meth-
ods; time behavior of mains phase currents i ; and DC link
currents iLitz (a),(c), and trajectories of the total rectifier
input current space vector i;; and of the mains phase cur-
rent space vector iy (b),(d) for modulation scheme 1 (cf.
Fig. 4(d) and (12)) and for modulation scheme 2 (cf. (11)),
both arranged symmetrically.



the minimum absolute voltage value (cf. (12)) one re-
ceives a constant average value of the currents in the
DC link inductors, the envelopes of the current ripple
are modulated with three times the mains frequency (cf.
Fig. 5(a)), the trajectory of the total rectifier input cur-
rent space vector i;; shows an ideal shape, only current
space vectors lying in immediate neighborhood of the
mains phase current (reference) space vector i, are in-
corporated, the free-wheeling state of the total rectifier
input current is not employed in this case (no connec-
tions of the trajectory to the origin of the coordinate
system), i.e., the current ripple is held on a minimum
level (cf. Fig. 5(b)).

If the free-wheeling state is arranged in the mid-
dle of one pulse half period, and if the power transistor
of that phase showing the maximum absolute voltage
value (cf.(11)) is clamped in the on-state, the DC link
currents show different behavior. The average value is
not constant any more (which does not take any effect
on the mains phase currents !), there is a reduction in
current ripple in the inductors connected to a phase be-
ing held in the on-state for 7/3, but the current ripple
does increase within the subsequent 7/3 interval (cf.
Fig. 5(c)). As Fig. 5(d) shows, the free-wheeling state
is incorporated in the switching state sequence (exist-
ing connections to the origin of the coordinate system),
i.e., the current ripple does not show the lowest value
possible.

Therefore, the modulation scheme given in (12) and
in Fig. 4(b) is further investigated in this paper.

3 Symmetrization

In order to ensure current balancing and power loss bal-
ancing to the single rectifier systems, a proper control
algorithm has to be implemented. The need for cur-
rent balancing is due to non-ideal properties, e.g., mains
phase voltage unbalance, forward voltage drops, com-
ponent tolerances, and/or different impedances of cur-
rent conduction paths. In this section, different control
methods for current balancing, and DC side circulat-
ing currents and their translation into a zero-sequence
component of the AC side currents is investigated.

3.1 Circulating Currents and
Zero-Sequence Current

Depending on the structure of the paralleled rectifier
systems, there could exist a different number of circu-
lating currents, i.e. currents which flow via both con-
verters and do not pass the load. For paralleled boost
converters, there is only one circulating current due to
the single DC side energy storage (DC link capacitor)
[9], [10]. Therefore, it is possible to measure the zero-
sequence current on the AC side of the rectifier system
which is characteristic for the circulating current on the
DC side [6].

However, for the parallel connection of current source
converters there is more than one circulating current on
the DC side of the rectifier systems due to the higher

number of DC side energy storages (DC link inductors),
which results in a zero-sequence component at the AC
side. This has to be considered for designing the control
balancing the output currents of the individual systems.

In Fig. 6 a DC/DC equivalent circuit of two three-
phase buck-type rectifier systems is given, the input
voltages are each splitted into two voltages upm, Unm,
m = 1,2, connected to a common artificial point N
(mains star point). Via point N the paths of the cir-
culating currents ix1 and ix2 are closing. If, e.g., the
circulating current ik in the positive DC link inductors
L} and L is assumed to be +1 A, and the circulating
current ix2 is set to zero, i.e., ix1 = +1 A, and ix2 =0,
one receives for the average value of the zero-sequence
current at the input of rectifier system I,

-avg

. 1. .
itito =3 [ilr+ivts +itlr] = +0.334, (15)
and for the zero-sequence current at the input of rectifier
system II,

-avg

i‘(ljf’lglyo =—iy1o=—0.33A, (16)
the zero-sequence current of the total rectifier input cur-
rent is iy,0 = 0A. The same results are obtained for
ik1 =0A, and ix2 = +1A,

-avg

iy fo= +0.33 A,

-avg

iy 110 = —0.33A, iy =0A. (17)
Therefore, no unique conclusion on the behavior of the
circulating currents can be drawn from the AC side
zero-sequence currents iy, 1,0, and iy, r7,0. Therefore, the
novel control concept proposed in the following for the
balancing of the DC side currents does not refer to the
zero-sequence current.

3.2 Control Structures

Control Structure I

If an unbalance in the currents in the DC link inductors
connected to the positive output terminal is considered,
e.g. iL;r > iL;, the potential ¢, at the input side of

rectifier system I has to be decreased (cf. Fig. 6), while
the potential ¢po at the input side of rectifier system II
has to be increased in order to equilibrate the DC link
currents. The potentials on the negative inputs ¢n1,
and @pp2 do not have to be changed in this case.

A corresponding control structure is given in Fig. 7,
there the current reference value ij provided from an
outer output voltage control loop (which is not shown)
is divided by the number of parallel connected rectifier
systems n and compared to the actual (averaged) DC
link currents. P-type controllers (gain kpv) do set the
reference value of the voltage uy;, and uy;,; for rectifier
system I, the reference values are transformed into a
buck-stage output voltage reference value ug 1, where a
pre-control of the output voltage reference value ug is
provided,

UY,1 = Upy + Upy +Up- (18)

Auq



The same is true for rectifier system II; all reference val-
ues are incorporated in the calculation of the on-times of
the switching states (cf. (32) in [1]). In order to achieve
the desired modification of the potentials ¢p1 ... pn2, an
additional free-wheeling state is provided in the switch-
ing state sequence which allows to increase or decrease
the potentials as proposed in [5], [10]. Considering inter-
val 1, switching state j = (010) is used as free-wheeling
state by default; therefore, if switching state 5 = (100) is
applied, the positive potentials ¢, are increased due to
uN,R > UnN,s, while switching state j = (001) increases
the absolute value of the negative potentials ¢, due to
un,s > un,r. The relative on-time ¢ of the additional
free-wheeling state, which is placed in the middle of the
pulse period, can be calculated via

*

- (19)

)
Uph,cl. — Uph,+

8y = v

where upp,. is the voltage of that phase, where the
power transistor is in on-state during the free-wheeling
state by default, and upn,+ is the voltage of the phase,
where the power transistor is in on-state during the ad-
ditional free-wheeling state. There, upn,4 is used to
increase the positive potential (u; > 0), and upn,— to
increase the negative potential (u;, < 0).

The performance of the proposed control concept is
confirmed by simulation results in section 4.

Fig. 6: DC/DC
equivalent circuit
of two paralleled
rectifier systems
showing the cir-
culating currents
1K m, and the po-
tentials ppm, and
Ynm, m = 1,2,
on the input side
of the DC link in-
ductors.

On-time
calcula-
tion 85

Fig. 7: Control structure I for balancing the DC link induc-
tor currents based on the DC/DC equivalent circuit given in
Fig. 6.

Control Structure II

The aforementioned control structure shows the draw-
back that by controlling the current in one DC link in-
ductor the other currents are also influenced. In the fol-
lowing, a control structure based on a modified DC/DC
equivalent circuit of the paralleled rectifier systems is
presented briefly which allows to control the DC cur-
rents independently.

For the parallel connection of n = 2 buck-type recti-
fier systems there are (2n—1) = 3 independent currents,
which have to be considered for control: ¢, ix1, and
ix2. Therefore, the voltage sources given in Fig. 6 are
combined in such a manner that one input voltage u*
and two voltages Auy, and Au,, shifting each potential
individually on the input side of the DC link inductors
©pl - .. Pn2 are obtained. Under symmetric conditions,
all three voltages are balanced and are therefore split-
ted into symmetrical parts w* /2, Auy /2, and Auj, /2 (cf.
Fig. 8).

Fig. 8 Mod-
ified DC/DC
equivalent circuit
of two paral-
leled rectifier
systems  which
allows to con-
trol the output
current 79 and
the circulating
currents ix1,tKx2
independently.

In the real system, four currents have to be balanced

(i;+ ...1,—), which are dependent on four voltages (cf.
1 2

Fig. 6) up; ... uno; the dependency can be given by a

4 X 4-matrix,

i
L
d %3
aL—=.| 2 | = (20)
dt s
’LL;
N—_——
153
3 -1 1 1 Upy Uo
o3 1 [ uy |y o
- 1 1 3 -1 uX, Uo
1 1 -1 3 uly Uo
N—_—— S——
A U Uo

One can see that there is a strong dependency of a DC
side inductor current on the related voltage (factor 3 in
A), and a weak dependence on the other voltages (factor
+1in A). For the mathematical model which gives the
basis for the control (cf. Fig. 9), one has to reduce the
mathematical model of the real system to the system
employing the (2n — 1) independent currents, i.e. to 3
variables for two (n = 2) paralleled rectifier systems, in



order to provide an independent control loop for each
current,

0 1 2 2 0 0
K1 == 1 -1 0 0 Iy, (21)
i 0 0 1 -1

I B

The current reference value ij is provided by an outer
output voltage control loop, the reference values of the
circulating currents are set to zero. A P-type controller
(kpu, kpn,kpp) sets the reference values of the buck
stage output voltage u*, and of the differential poten-
tials Auy, and Aw;,. These values are transformed into
the real system model in order to derive the voltages
occurring in the actual circuit,

1 -1 0 o
11 1 o0
U= 3 1 0 1 Aug’:7 (22)
1 0 -1 Aug,
N———
C u*

system model

ALY =

balancing control

. AU-2U, 1-B.I,
B
AL gL 5"’ iK1
é iLi + o I .
P O G
\4 ‘l'l +
1 Y
]

<

*
S

:+

kp "
Au,’ 0)\+
Fepy = -
N 0
Au +
kp, )\

Fig. 9: Multivariable control of the DC link currents. The
block diagram is comprised by system to be controlled having

four input and output variables up1 ... un2 and iL+ ...iLf
1 2

which are transformed into three input and/or output vari-
ables ik1,iK2,%, and u*, Auy,Auy for control and the
back-transformation into actual quantities to be applied to
the system by proper modulation.

3.3 Control Design

The P-type controllers in Fig. 7 can be designed in a
first step by considering only the respective DC link in-
ductor, the related input voltage and the output voltage
uo which can be assumed to be constant and impressed
(cf. Fig. 10). We then have for the transfer function of
the control loop controlling the current in the positive
DC link rail of rectifier system I,

vy 1 LT
T Nl (23)
2 s+l

Fig. 10: Equivalent circuit
to be considered for the de-
sign of the control of the
current in a DC link bus of
one rectifier system (shown
for % Lt ).

The transfer function constitutes a first order delay (pro-
portional negative-feedback of the integrator represent-
ing L), the time constant 7 is set according to

1
TL o5,
3fn
in order to provide sufficient dynamics for attenuating
the effect of disturbances with three times the mains
frequency.

(24)

4 Simulation Results

In this section, simulation results for the control struc-
ture described in section 3.2.1 are given. The system pa-
rameters are set according to section 2.2. In Fig. 11(a)
the behavior of mains phase currents in;, i = R, S, T,
and of DC link currents i,+ is shown. For ¢t < ¢; the

L
control loop balancing the 1(:2urren’cs is deactivated. As
no source of unbalance (which would be present for a
real system) is inserted in the parallel connection of the
rectifier systems an ideally symmetric partition of the
total DC current to the individual systems is given in

LU 1 ]p-

@ [ |-

AT =1
O
1

w1 ]
SRR

©
Fig. 11: Simulation results for unbalanced rectifier systems;
(a) Time behavior of mains phase currents iy ;, t = R, S,T
and DC link currents i, + , (b) trajectories of total rectifier
12

Jj=(@111)
Jj=(110)
Jj=(010)

=(010)
Jj=(110)

J=@111

(d)

input current i;; and mains phase current iy, (c) switching
signals s; 1 and s; 77, ¢ = R, S, T, and (d) switching signals
s;,7 within one pulse period.



this case. Att = t; a DC voltage source of 20 V is placed
in series to DC link inductor L] in order to simulate a
large unbalance. An unbalance of the DC link currents
does occur immediately, which also results in a mains
phase current distortion. At ¢ = ¢2 the control loop for
DC link current balancing is activated, whereby a cur-
rent symmetrization is achieved at ¢ = t3 by adding the
additional free-wheeling states. In Fig. 11(b) the trajec-
tory of the total rectifier input current space vector i,
and of the mains phase current space vector i, are given
for activated balancing control in a subsequent mains
period; one can see that the additional free-wheeling
state does not have any influence on the trajectories
(cf. Fig. 5(b)), again only current space vectors lying
in immediate neighborhood of the mains phase current
(reference) space vector are used, i.e., the DC current
ripple is held on a minimum value. The switching sig-
nals s;; and s;r7, 4 = R,S,T, applied to the power
transistors of both rectifier stages I and II for activated
balancing control are given in Fig. 11(c) for interval 1;
at t = t4 the additional free-wheeling state is inserted in
the modulation scheme for power stage I, and at t = t5
for power stage II (180° phase-shifted). Figure 11(d)
shows the switching signals of power stage I within a
pulse period Tp in detail; there, (6o Tp) denotes the du-
ration of the total free-wheeling state (switching states
j = (010) and j = (100)), (6+ Tr) denotes the duration
of the additional switching state 7 = (100) (cf. (19)).

5 Conclusions

In this paper, the DC side current balancing of three-
phase buck-type rectifier systems was investigated. Based
on the current space vectors, which are available for cur-
rent formation at the input side of the paralleled rectifier
systems, a modulation scheme was derived which

e provides all advantages of an interleaved opera-
tion,

e provides minimum ripple of the DC link inductor
currents and minimum ripple of the AC side filter
capacitor voltage, and

e allows to influence the buck-stage output voltages
in such a manner that a balancing of the currents
in the DC side inductors is ensured.

Two different control structures were treated; a scheme
of low complexity where the four DC inductor currents
are controlled independently, i.e., where the mutual in-
fluence of the current controls is not considered. There,
a P-type controller was employed. Due to the controller
type and the low balancing control dynamics required
(unbalances are caused by only small differences of tran-
sistor or diode forward voltage drops, wiring resistances,
or DC link inductor values) stabilizing the control loop
does not pose problems. Additionally, a more com-
plex multivariable control scheme was proposed which
is based on a control-oriented model of the power cir-
cuit considering mutual influences. There, the four DC

side inductor currents are transformed into three ficti-
tious independent currents, which provides a basis for
decoupled current control.

The more simple control strategy shows the advan-
tages of lower realization effort, also the strategy could
be extended to n paralleled systems easily. Both con-
trol strategies will be investigated experimentally and
comparatively evaluated on a 10kW prototype of the
rectifier system in the course of future research.
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