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Abstract—This paper describes the effect of interleaved dis- modulel
0 > wpiereavel Wee o ____modulel modulel

continuous space-vector modulation (SVM) in paralleled three- TS +
phase systems using three-phase pulsewidth modulation (PWM) vy
rectifiers as an example. At the discontinuous point of the SVM,
the phase shift between the switching signals of the paralleled
modules generates a zero-sequence excitation to the system. Be-
cause the conventional control in a balanced three-phase system
with only dq channels cannot reject this disturbance, a beat-
frequency circulating current will develop on the zero axis. gen.
Based on this observation, a SVM without using zero vectors is
used to eliminate the cause of pure zero-sequence current for
parallel operation. Using this SVM, the circulating current is e b |
observable indg channels. It can be suppressed dynamically by
strong current loops of power-factor-correction (PFC) circuits. (@) (o)
The concept is verified experimentally on a breadboard system. Fig. 1. Typical configurations of parallel rectifier on a single source (a) with
a phase-shifted transformer and (b) with a interleaved PWM.

Index Terms—Circulating current, discontinuous space-vector
modulation, interleaved PWM, parallel three-phase system,

ower electronics building blocks (PEBB’s), zero-axis current. . . . .
P g ( ) is heavy and bulky for the inverters with low-modulation

frequency, especially for a high-power application. It may
I. INTRODUCTION occupy too much space in airplanes, ships, etc. Therefore, a

ARALLEL three-phase power converters/inverters havdirect connection between the power converter module and
Pmany advantages, such as higher current capability, |f¥¥Ver system is desirable.
current/voltage ripple, and higher system bandwidth. Previous? three-phase pulsewidth modulation (PWM) rectifier with
research exists in applications of UPS, motor drive, ait$ unity power factor and tightly regulated dc output is one
power factor improvements [1]-[6]. As insulated gate bipoldtf the best candidates for the front-end dc power supply
transistors (IGBT’s) and other power semiconductor devicéd medium to high-power applications. Much literature has
are being integrated with gate drives and control intelligenéi®cumented the design, control, and operation of the rectifier
as standardized modules, such as integrated power mod8iel10]. In the dc-distributed power system (DPS), with
(IPM), it becomes quite natural to parallel directly more oft Very strict requirement of redundancy, it is desirable to
these modules together, either to increase the power level Addallel three-phase PWM rectifiers to feed the dc bus [11].
boost the current capability or to design a system with a highield- 1(a) and (b) shows typical system configuration schemes
redundancy. for the DPS with rectifier modules paralleled on a single
Putting modules in parallel, however, is not risk freevoltage source. Fig. 1(a) shows one with a phase-shifted
One of the major concerns for the parallel operation of taansformer isolation connection, and Fig. 1(b) shows another
three-phase system is the crosscoupling between modwéih an interleaved PWM direct connection. In this paper, the
because when these modules are connected to the saméligieussions will concentrate on the interactions between the
bus and a common source/load, extra current conduction paiiiected paralleled rectifiers, as shown in Fig. 1(b).
are formed. Traditionally, in order to avoid this problem, In a balanced three-phase system, the control usually is
transformers are used to isolate the direct current flow. Thdg#lemented in a rotating coordinate with a digital controller.
transformers are designed with a certain winding turns-rafi@ such a system, théy components are controlled as a circle
and a certain phase shift, so that the concerned harmonics &ating at an angular speed of the modulation frequency, the

be canceled in the other side [3], [7]. However, the transform@@ro axis is not a concern. However, as three-phase systems

_ _ _ _ are paralleled directly, the circulating current can exist in all
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Fig. 3. Input current waveform of the paralleled modules.

« line voltage and current sensing and synchronization;
* current loop compensator;
+ ¢ space-vector modulation.

The two modules are connected to a three-phase power supply
at the ac side and a common dc bus at the dc side. Both accept
Fig. 2. System block diagram. two signals from the outside motherboard: 1) SVM interleave
signal (180) and 2) a current loop reference coming from the
sharing reactors into the paralleled modules [1], [5], [6], [12},oltage compensator. The detailed system specifications and
which includes two different cases, the coupled inductors gsarameters are given in Section IV.
on the ac side for the VSI or the dc side for the CSI; 2) To reduce the total input current ripple, a 2§thase-shifted
use of the "bang—bang” hysteresis control [3], which confing®VM is used. To ensure load current sharing, the common
the current within a band by varying the switching frequencypltage loop provides the same current loop reference to the
and 3) use of a “combined-mode” current control [6], whicinner proportional-integral (PI) controller, which will track
treats the paralleled system as one system. The crosscurtRatgiven reference. In order to reduce the switching losses, a
is compensated by choosing proper voltage vectors througM with 60° clamping is used, which will be discussed in
sensing the output current and their derivatives. detail later. Although each module can be operated properly
This paper looks for the control schemes for standardized a stand-alone unit, the interaction occurs when they are
three-phase modules. The module itself has a certain degire@ parallel configuration. Fig. 3 shows the simulated input
of intelligence, the objective of the research is to make thesarrent waveform of the two modules with a 20-kHz switching
modules able to “plug and play” without communicating withfrequency at an input line frequency of 60 Hz.
each other. The desired features of such parallel modules\s can be seen from the waveforms, the input current has a
include: 1) use of constant frequency control and advanceids component with a 20-Hz beat frequency. This component
modulations techniques such as SVM; 2) keeping each modiiekes the three-phase current deviate from the zero line
as independent as possible; and 3) having less communicatdternatively. The bias current will trap the energy inside the
between modules. Through a comprehensive system analygiaverters, causing extra switching and conduction losses.
using the averaged SVM model, this paper shows the mech-
anism of how the zero-sequence current is produced with tBe The Zero-Axis Current Caused by
interleaved discontinuous SVM. It then investigates methodsi|ifterleaved Discontinuous SVM
mitigate the circulating current while maintaining each module
with its own SVM, as with an individual module.

la,Ib,ic VWE )dK )I_zk )q

There are many SVM schemes for three-phase PWM con-
verters. The SVM with 60 clamping is most favorable for
power-factor-correction (PFC) operation because the phases
carrying the highest current in each °60f line cycle are

] ) not switched. Calculations show that a 50% switching loss
A. System Configuration reduction and a very good total harmonic distortion (THD) can

The system block diagram shown in Fig. 2 consists of twie achieved with this SVM [13]. To illustrate the principle of

three-phase modules. Each is composed of three phase l&gs,SVM, S, S;, andS. are assumed to be the control signals
three input boost inductors, and a current loop controller. Tier the top switches of a three-phase converter. When the
phase leg has an IGBT module integrated with gate drivesference vector is in sector 1, as shown in Fig. 4(a), where the
containing isolation, protection, and diagnosis functions. ThehaseA voltage and the current for PFC operation become the
current loop controller has the following functions integratednaximum compared to the other two phases, the top switch of

Il. ANALYSIS OF THE CIRCULATING CURRENT
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Fig. 4. The 60 clamped SVM. (@)

phaseA will keep in conduction all the time and phasBsand
C will do the modulation, as shown in Fig. 4(b). This means
that only theppp zero vector can be used in this“6period bel Tz
of time. Extending this conclusion to a complete line cycle,a 04}~ =
distribution of zero vectors in the hexagon can be obtained, as 00
shown in Fig. 4(a), where thepp and nnn vectors are used L Tt
alternatively in each 60 (b)

Assuming that the SVM is a black box, the input to it is;g 6 The output of the SVM and averaged SVM.

the modulation index from thelg (or alpha—beta) channel
controllers and the switching clock. The output of this box npn ppn
!! Module 2
p‘!l”y BRRg, PN

is the control signals for active switching devices. The SVM b o Module 1
calculation is essentially a process of mapping variables from AVA
the d¢ coordinate to the stationary coordinate through the "°%" - np
space vectors. This process keeps the synthesized space vecto

rotating as a circle while leaving the zero axis free. As VAV

a consequence, it guarantees that the modulated line-to-line

to-line voltage with a given dc bus by actually injecting a

common mode signal into the phases. Different modulation 7
schemes inject different shapes of common mode signal. The o5
magnitude of the common mode signal changes as a function gjj

o O

voltage always will be sinusoidal and realizes a higher line- @

of the modulation index. 0.2

By averaging the output of the SVM, a cycle-by-cycle o7
average model of the SVM is obtained. In this model, instead 2m S 75 10m 12ism 1om 170sm 20m 2205m zhm 27 om 3om
of providing the gate signal as a pulse in each switching cycle, (b)

the SVM generates the duty ratio in terms Bf,, D,, and Fig. 7. (a) The position of reference vectors when passing the discontinuous
D,, as shown in Figs. 5 and &,, D,, and D, are discrete point. (b) The duty-cycle difference of the interleaved discontinuous SVM.
values comprised of small pieces of duty ratios averaged in
each switching cycle. Because of the interleaved switching clock, the reference
Fig. 6(a) and (b) shows the relationships between the digctors of the paralleled module do not cross over the discon-
crete and the averaged SVM. Fig. 6(a) shows the currdimuous point at the same time. This is illustrated in Fig. 7(a)
reference signal and the discrete gate signal, which is at mwid (b). The dashed lines inside the hexagon of Fig. 7(a)
higher frequency than the line frequency. Fig. 6(b) shows tlkerrespond to the discontinuous points. The difference between
averaged duty cycle. It can be seen that the averaged ditltg interleaved duty cycles is exaggerated in Fig. 7(b) as the
cycle is discontinuous at each transition of’60 shaded area. The module that passes the discontinuous point
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Fig. 9. Beat-frequency oscillation of the zero-sequence current.

As the time elapses, at each®6point of the line cycle,
the reference vector will cross over the discontinuous points
. . ) again and again in the hexagon. The reference vectors will not
f|rstIW|II.use a different set of space vectors from the modu_[ge synchronized to pass these points in a monotonic leading
behind it. This produces an effect of zero vector overlap {} |agging pattern. Instead, the line and switching frequencies
a very short period of time. When this is happening, theoqulate this pattern.
top switches of one module are connected to the positiveAssummg that the duty cycle of phask of module 1 is

dc rail and the bottom switches of the other module aB |, and the duty cycle of phasé of module 2 isD,», the
connected to the negative dc rail. The three-phase CU”eHFﬁe}ence between duty cycles will b&D, in ’

will flow simultaneously from the dc bus capacitor through the

top switches of one module, the boost inductors, the bottom ADg = Dg1 — Dqo. 3)
switches of the other module, and back to the dc bus capacitor
as shown in Fig. 8. If the effective overlap time between tk[%
zero vectors isAt, the dc bus voltage will be applied directly
to the boost inductors. It produces the current

Fig. 8. The path of the pure zero-sequence current.

Fig. 9(a) shows the duty cycles and the difference between
em. As can be seeh D,, is modulated. Because of the duty-
cycle modulation, the input current of the paralleled module
is modulated also. The difference between phdsairrent of

Ve the paralleled modules is given by

At 1)
2L Niy =gy — igo. (4)

Aig =

where L is the inductance of the boost inductor. . . . .
This “shootthrough” current charges and discharges theF'g' 9(b) shows relationships betweenD, and Ada. AS

three-phase inductor simultaneously. One module picks li icated by this figure, at each 5@ransition point, a current
mp is produced. This jump results from the duty-cycle

more current, while the other module drops off a current 8 en t the discontin int
the same magnitude. This current is the pure zero-seque teii gless intgress';i(;lo touﬁg'csep%atSWithin the continuous
current, which does not show up ihand ¢ channels with the . 9

region of the SVM, the zero-sequence current does not stay

transformation at the previous values. This is because when the modules are
id 9 cos(f)  cos(6 —2n/3)  cos(f 4+ 27/3) in other combinations of vectors in the following switching
iy | = 3| sin(6) —sin(6 — 27/3) —sin(@ + 27 /3) cycle, the circulating currents still exist, but they are different
io 1/v/2 1/v/2 1/v/2 in different phases. This process partly breaks up the pure
i -+ Ado zero-sequence current and translates a portion of it digto
x |4y + Adg | . (2) channels. Thelg current loops will try to correct this part
i 4 Adg of the current by tracking the given reference. As shown in

Fig. 9(b), within the 60 range, as the zero-sequence current
In the case of single-module operation, the zero vectors oiiigs not been corrected totally, the next excitation is produced
serve as the freewheeling period when the three phases are digdin in the following transition. Therefore, there is a low-
together by conducting all the top or bottom switches. In tHfeequency component on the zero axis. Fig. 9(b) also gives
case of parallel module operation, however, the effect of tilee modulated pattern ak D, which is actually the same for
zero-vector overlap excites pure zero-sequence current to flalvthe phases. In this simulation, the line frequency is 60 Hz
along the loops formed between the paralleled modules. and the switching frequency is 20 kHz. The beat frequency is
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Fig. 11. (a) The gate signals of the top switches of the paralleled module
with hysteresis control. (b) The three-phase input current of the paralleled
module.

(b)

Fir?- 10&' (a) The Flzf;ct)of_ the gu;e Zﬁfo'seﬁuence current ri]” time frame. @kes, usually/ andg. Once such a pure zero-sequence current
Three-dimensiona -D) view of the t| ree-phase current with a zero-sequence. . .
current in the rotating frame. iISTinjected into the system, the controller actually cannot see

it because it is in an axis that is perpendicular to dhelane.

20 Hz. The mathematical derivation of the modulated patterns ||| M ITIGATION OF THE CIRCULATING CURRENT

of the duty-cycle difference is provided in Appendix A. ) ) :
Assuming there is a common mode current riding on aTo realize the zero-axis control, a third current sensor has

balanced three-phase current as shown in to be _inserted into the other phase of _the module because
the third phase current cannot be derived from the other

tq = I cos(wt) 4+ Ad, two phases. With the sensed three-phase currentlityelq0

iy = I cos(wt — 21 /3) + Ay (5) transformation is needed. The zero-axis hysteresis control
method was tried first to solve the problem. The concept of the
zero-axis hysteresis control is as follows. Before applying the
and zero vectors, the zero-axis current is compared with the given
limits. If the current is greater than the upper limit, which
means that more current is going into this module, then the
ppp vector should be used in the following switching cycles in
Jﬁder to suppress the current. If the current is smaller than the
lower limit, then thennn vector should be used. If it is inside

tc = I cos(wt + 27/3) + A,

Ni, = Aiy = Ai, = I cos (%t + 1/)) = 1g. (6)

In the time frame, the three-phase current is depicted
Fig. 10(a). By doing the transformation of

o 9 iq i0 the window, the SVM should keep the previous zero vector.
ig | ==T| | | + |40 (7) There are two distinctive situations in which the zero-
10 3 1o 19 sequence current is produced. The first one is the so-called
1 -4 -1 ppp-nnn vector overlap. The second one includes all other
T=10 & _3 8) combinations of vectors, but not the pair obp f';\nd nnn.
1 1 12 However, the hysteresis control cannot differentiate these two
2 2 2

situations. Whenever it detects the three-phase current not
where the three-phase current can be mappeddpftbframe adding up to zero, it will use the zero vectors to correct it.
as shown in Fig. 10(b). Thé and ¢ components on the3 Apparently, the control cannot be accurate. Therefore, in the
plane still rotate as a circle, but the zero-axis componesitnulation, thennn vector is used more frequently than the
oscillates up and down. In a balanced three-phase system, gily vector. This means that bottom switches of the module
two phases are independent because the sum of the voltagle be used heavily.

or current has to be zero. This is also true in the rotating Fig. 11 shows the simulation waveforms with Fig. 11(a)
coordinates. The controller can only control two of the thre#ustrating the gate signals for the top switches of the par-
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alleled module and Fig. 11(b) the input current waveform of n p p n
the paralleled module. As a result of the biased use of the npn B ppn J—— 5
switches, the input current is affected. The positive portion sa -
of the current has more ripples than the negative portion, as O i
shown in Fig. 11(b). Therefore, this control strategy is not neon R p§
very desirable. b | 5
As we have noted earlier, the zero-sequence current pro- P
duced at the discontinuous points does not hold at the same o n se T .
value in the following 60 period, but tends to return to the nnp PP CM
zero, which is seemingly in contradiction with the statement doa gt a2 dora

that thedg channel cannot reject the zero axis current. Ac-
tually, the current loops are doing their jobs. Assuming both
reference vectors are in sector 1, wheregthe, ppn, andppp 10 : 5 : :
vectors are used, within a switching cycle, there will be some 2::: AR
time intervals when the two modules use different vectors. For 4, .
example, one module is in themn vector, while the other is 02
in either thepnn or ppp vector. Therefore, there will be a :’g
phase, eitheb or ¢, to participate in the current circulation, 5]
which breaks up the existing pure zero-sequence current andos ...
translates a portion of it into thé and ¢ axes, where thel 0.4
andq axes controllers can see them. Because of the intended ;4 |-~
PWM interleaving, the current circulation will not stop as long a1
as the modules are not in the same vector. Therefore, it iSo.us;
impossible to make the sum of the three-phase current be zerooe ; : : . ; ,
at the Switching frequency_ The goa| is to control its average-005 ... .............. ........ ........... [T R ..............
value so that it does not accumulate. -0 L : 5 : . a , : |
Theoretically, thespp andnnn vectors can be split apart and 004 00% 00 oGS RS 0O 0O7 00T 00
arranged appropriately in one switching cycle with other SVM b)
schemes so that the effect of zero-vector overlap would be min- _ _ _
imized or eliminated at the discontinuous point. Uncertainties,12. (&) The mroposec SV or prelel obeaton wibout vang 2o
however, exist in system transients and sector transition, where
transition chattering is likely to occur because of the current
ripple. Once the overlap is created, the zero-sequence wilBy using this scheme, the zero-sequence current is cut off
exist in at least one switching cycle before it can be correctdd, two factors. First, there is no mechanism for producing
Because the current loop operates as a feed back loop bdé&dpure zero-sequence current by the zero-vector overlap as
on the existing current to perform the following actions, ishown in Fig. 12(b). Even though the current circulation still
cannot be so fast as to eliminate the switching frequene€yists, it takes place in a different manner. One phase may
current. Second, once the %@lamping SVM is removed have more current, and other phases may have less current.
from the consideration, the switching losses for the rest bfost importantly, this is a current that can be transformed
the SVM schemes become comparable to each other becdot®dg channels. Second, from each module’s viewpoint, the
of the similar commutation times in a switching cycle. Manyndesired current resulting from the other modules can be
different SVM’s were simulated and analyzed, the SVM'reated as a disturbance to its own controller. If the circulating
that do not use zero vectors were proved the most vialslgrrent is observable in thé channel, the strong current loop
solutions for interleaved PWM rectifiers. Fig. 12 shows onwill pick it up as a disturbance and reject it by modifying the
of the schemes with Fig. 12(a) illustrating the principle obutput duty cycles in the following switching cycles. This is
the SVM and Fig. 12(b) the averaged duty cycles and tledynamic process in which the current loops control dhe
difference between them. As shown in this figure, the dutgomponents to rotate as a circle. The high-bandwidth current
cycle differenceAD becomes smaller with this “continuous”loop exists naturally for PFC operations, where the controlled
SVM. The basic idea of this SVM is to divide the duty cyclevariables have to track the command as quickly as possible.
of the zero vector into four equal periods of time and rearran§éy. 13 shows the simulated waveform of the input current of
the duty cycles as the following: the two modules.
do' = do/2 The use of this SVM involves more switching actions and a
4’ = d1 + do/4 ) little higher current ripple. Becquse_ the change of modu_latlon
depth of SVM for PFC operation is very narrow, the ripple
d2 = d2+d0/4. content is acceptable. The comparisons of the numbers of
In the d0’ period, the vectors that are opposite to the activedmmutations and the ripple contents in the current between
ones are used to synthesize the zero vector as showndiffierent SVM’s mentioned in this paper are provided in
Fig. 12(a). Appendix B.
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signal processors (DSP’s) are used to emulate the integrated
intelligence in the module. The DSP serves as the current
loop controller and SVM modulator. The common signals
to each subsystem include the voltage loop output and the
switching synchronization signal, both of which come from a
motherboard.

The following are the system specifications and the hard-
ware setup parameters.

Input voltage 3¢, 208-V line-to-line.
Output voltage 400 V.
Single-module power rating 20 kVA.
Switching frequency 32 kHz.
Fig. 14. Paralleled three-phase system based on the modular concept. IGBT module Toshiba MG150J2YS50.

Input inductor 256uH.

IV. EXPERIMENTS Output capat_:itor_ 120@F.

i Current-sharing inductor 500H.

Currently, the Office of Naval Research (ONR) sponsors DSP ADSP2101

a variety of research on power electronics building blocks

(PEBB’s), a concept of using standardized modules to build Becguse the inductance of _the .bOOSt mductor |s_small,
a relatively large current sharing inductor is used in the

distributed power systems [14]. One of the PEBB struc- . . .
xperiment in order to suppress the cross current ripple and

tures is a half-bridge power semiconductor device mody Znerate a good current waveform. Fig. 15 shows the input

mtegrate_d with gate drive apd sensar. Three sugh PEB Grrent and voltage waveform at the 12-kW load condition
can be integrated further with other control intelligence t, . single-module operation. The input current is in phase

form three-phase modules. Although much of the resear, th the input voltage. Fig. 16 shows the input current of

is in the packaging aspects, the conceptual PEBB SUUCIUfRS haralleled modules with the proposed SVM. It can be
were built to test the system control and integration iSSU&gen that the currents on the same phase do not overlap each
The objective of this research is to look for the contrQhier exactly. They still have circulation current at switching
strategies for such a module so that once it is integratgdquency, but there is no noticeable low-frequency current
into the module, it should allow the modules to “plug an@gcillation. The combined input current is tested over 60 A.
play” with less communication. Fig. 14 shows the three-phaggys 17 and 18 show the effect of the interleaved switching
structure of the PEBB system. The bottom layer is the IGBdijgnal on each module’s input current and the total input
modules with the gate driver circuit. The gate drive US§rrent. The anticipated current ripple reduction is obtained.
optical fibers for signal transmission in order to eliminate thene irregularities at the ends of Fig. 18 are caused by the

electromagnetic interference (EMI) coupling. The top lay&hattering effect of the SVM at the sector change.
is a sensor board that senses the phase current and voltage

for closed loop operation. The dc terminals of the IGBT

module are connected to a common laminated dc bus. The V. CONCLUSION

ac terminals of the paralleled IGBT modules are connectedin a balanced three-wire three-phase system—because the
to a voltage source through current sharing reactors. Digitaét current from the source or to the load has to be zero—there
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is no chance for zero-sequence current, even though there

two or more modules are connected directly to a dc bus and
a three-phase source/load without using transformer isolation,
the intended PWM interleave will cause the current circulation
in all the phases. Translated into rotating coordinates, the
circulating current will show up on the zero axis, on which
the dg current loop controller cannot help. This paper first
introduces the 60clamping SVM, which is very suitable for
PFC operation for less switching loss. When it is used for
parallel operation, there is an effect of zero-vector overlap at
the discontinuous points caused by interleaving. This overlap
will introduce the pure zero-sequence current into the system.
This current has a beat frequency modulated by line and
switching frequencies.

The current loop controller can have only two-dimension
controls—thed and theq channels. In order to reduce the
pure zero-sequence current on the zero axis using the existing

Input current of the parallel modules and the total current in thgurrent loops, several SVM’s were simulated and analyzed.

The SVM without using zero vectors is proven viable for
parallel operation. With this SVM, there is still a circulating
current at switching frequency on each phase, but this cir-
culating current is observable #; channels, which can be
treated as the disturbance to other modules. The PFC module
naturally has a high-current loop bandwidth, which tracks the
given reference and rejects the high-frequency disturbance by
modifying the duty cycles in the following switching cycles.
This prevents the zero-sequence current from building up. The
penalty of such a SVM is a little higher current ripple, which
is tolerable.

The conceptual standardized power modules with integrated
gate drive, signal sensing, and control intelligence are built for
parallel operation. With the current loops closed, the proposed
SVM shows the anticipated zero-axis current control and input
current balance as well as the total current ripple cancellation.

APPENDIX

A. Calculation of the Modulated Pattern of the
Zero-Sequence Duty Cycle with T8@iterleaved SVM

Parameters are given as follows.

f=60Hz Line frequency.
w=2nf Angular line frequency.
F, =20 kHz Switching frequency.
T, =50 us Switching period.

tl =25 us Interleaving time shift.

Because thepp andnnn vectors are used alternatively for
60°, index numbet is used to count how many 6Gave been
passed on the time axig¢) indicates the time instants of the
60° transition points.

Assuming that the three-phase current waveform and the
switching clock of one module start at the zero point on the
time axis. The switching clock of the other module shifts 25
us. First, we have
27 T

= - ", Al
6w 3w (A1)

(i)

is a zero-sequence voltage induced by PWM modulations.The SVM transition from one 60region to another is not
Therefore, there is no concern about the third axis. Whexactly at thet(:). It actually happens at the first switching
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Fig. 19. The simulated and calculated the beat-frequency pattern. Fig. 20. Variations of duty cycles within one sector.

clock aftert(i). If we let TM1(4) to be the time instants for Where Vs, is the desired line-to-line voltage, the reference

the SVM transition for the module 1 TMs) will be vector length. Because the impedance of the inductor at line
frequency is very low, a very small amount of voltage will
. L[ t(%) produce a significant current capable of sustaining the dc bus
TMI1(:) = Ceﬂ( i )TS (A2) voltage at certain load. Therefork,,,, is almost equal to the

input line-to-line voltage. At the 20-kVA power rating
whereceil(x) is a function to find the smallest integer greater
than z. TM1(i) is the discontinuous point of the SVM for dm = 0.637.

module 1. Similarly, for module 2
In each switching cycle, the projections of the reference

T™2(i) = Ceil(t(z) - tl)TS L (A3) vector ontopnn and ppn are given by
| d1(8) = dmlcos(8) — sin(6) tan(x /6)] (A7)
If TM 1(¢) is smaller than TN(¢), then it means that module sin(6)
1 is passing the boundary of thih discontinuous point earlier d2(6) = dmm- (A8)

than module 2 and vice versa.
At the discontinuous point, the duty cycle jumps up and The zero-vector duration is obtained by
down alternatively at each transition, therefore, we define

sign(¢) = (—1)"*!, which indicates the jumping direction do(6) =1 —dl — d2 (A9)
of the SVM at the discontinuous point, whesgn(i) = 1,
jumping upwards, andign(i) = —1, jumping downwards.  \yhere is the angular position of the reference vector with

The zero-sequence duty-cycle pattern is then given by regard to thepnn vector. Fig. 20 shows the variation of the
dl, d2, and d0 within the sector.

Dividing one switching cycle into four segments with duty-
ratio duration agd0/2), d1, d2, and(d0/2) and lettingk be

The comparison. of the si_mulgted and calculated be%’e index number of the segments produce the equations from
frequency pattern is shown in Fig. 19. The top waveforrUl\lo) to (A11)

is obtained from the simulation and the bottom one from the

T0(i) = sign(i)[TM1(:) — TM2(:)]. (A4)

calculation. topr = tr + T - DT, (A10)
. , Vonv2 [ttt
B. Comparison of the SVM'’s iapr1 = tag + I}L\/_/ cos(wt + 6)dt
The following takes sector 1 on the hexagon as an example. v h
. F dcayg
Other sectors can be obtained similarly because of symmetry. + —(thg1 — tr)
Sector 1 is the area betweenn and ppn vectors. 1.5L .
The magnitude of the space vectors is given by ibpgy = iby + M/ cos(wt — 2 /3 + 6)dt
L J,
Vdc Vd b
Vector= ———. A5 Ok —
cos(7/6) (A5) NS (tr+1 — tn) (A11)
o o : o VenV2 [
The modulation index is defined as iCpy1 = tCp + AR cos(wt — 2w /3 + 6)dt
t1
_ V;vm Vdcc;\,

(A6) +

= tra1 — o).
m \Vector 1.5L(’“+]L k)
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Fig. 21. The comparisons between SVM'’s in commutation times and current ripples. (a) and (b) Asymmetricngfing SVM and the SVM without

using zero vectors. (c) and (d) Symmetrical operation.

In these expressions, we have the following.
t Time instant of the segments.

DT,  Duty cycle in each segment.

Vou RMS value of the input phase voltage.

the inductor current contributed from the input voltage; and
the third is the inductor current contributed from the dc bus
voltage. In different segments within one switching cycle, the
contributions from the dc bus voltage to the inductor current

6 Phase delay between line voltage and the modare different. Therefore, the nominators of the last term in

lated voltage, which is very small.

(A11) have different values in each segment. Taking the 60

In these equations, the phase current has three terms. Tlnping SVM as an example, as shown in Fig. 21{a),,,
first term is the previous instant current value; the second g, andVy.. are defined in the Table I. The physical meaning
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TABLE | and the proposed SVM are shown in Fig. 21 from (a) to (d),
THE VALUES OF Vg IN DIFFERENT SEGMENTS OF6(° CLAMPING SVM where both the asymmetrical and symmetrical operations are
do/2 di1 d2 do/2 studied.
Vdea 0 -Vde | -Vde/2 0 ACKNOWLEDGMENT
Vi 0 Vo2 | Vi 0 The simulations were done using SABER provided by
Analogy.
Vdce 0 Vde/2 | Vde/2 0
REFERENCES

[1] Y. Sato and T. Kataoka, “Simplified control strategy to improve ac-
input-current waveform of parallel-connected current-type PWM recti-
TABLE II 2 ;‘\i/leri,"’ Prrlgc.KlnTé. Eleckt. Engdvcln\l/l. 1}212 pp. 248—254, July 1&995. hiah

- . Hashii, K. Kousaka, an . Kaimoto, “New approach to a high-

THE VALUES OF Ve IN DIFFERENT SEGMENTS OF THEPROPOSEDSVM power GTO PWM inverter for ac motor drivesfEEE Trans. Ind.
do’/2 dr d2’ do’/2 Applicat, vol. 1A-23, no. 2, pp. 263-269, 1987.

[3] J. W. Dixon and B. T. Ooi, “Series and parallel operation of hysteresis

current-controlled PWM rectifiersfEEE Trans. Ind. Applicat.vol. 25,

Vdca Vde/2 -Vde | -Vdc/2 Vdc no. 4, pp. 644-651, 1989.
[4] T. Kawabata and S. Higashino, “Parallel operation of voltage source
Vdcb Vdo/2 Vde2 | Vao2 | Vder inverters,”IEEE Trans. Ind. Applicatvol. 24, no. 2, pp. 281-287, 1988.

[5] I. Takahashi and M. Yamane, “Multiparallel asymmetrical cyclocon-
verter having improved power factor and waveform&EE Trans. Ind.
Vdcc -Vde/2 | Vde2 | Vde/2 | -Vde/2 Applicat, vol. 22, no. 6, pp. 1007-1016, 1986.
[6] S. Ogasawara, J. Takagaki, H. Akagi, and A. Nabae, “A novel control
scheme of duplex current-controlled PWM inverters,1HEE |1AS'87,
pp. 330-337.
[7] L. H. Walker, “10 MW GTO converter for battery peaking service,”
. . . . . IEEE Trans. Ind. Applicat.vol. 26, no. 1, pp. 63—-67, 1990.
of the first row of this table is the following. For phasg in [8] T. G. Habetler, “Apsppace vector-based PeF::tifier regulator for ac/dc/ac
the d0/2 period, the zero vector is used and the dc bus voltage converters,” inEPE’91, vol. 2, pp. 101-107.

; ; ; [9] H. Mao, D. Borojevic, A. Ravindra, and F. C. Lee, “Analysis and
does not contribute to the inductor current. In tﬁeDerIOd’ design of high frequency three-phase boost rectifierVREC Seminar

the pnn vector is used. Phasé is connected the positive dc Proc.’95, pp. 195-203.
rail, and phase3 andC are connected to the negative dc rail[10] S. Hiti, D. Borojevic, and C. Cuadros, “Small signal modeling and con-

; ; trol of three-phase PWM converters,” IREE |IAS'94 pp. 1143-1150.
Therefore, the phaséa inductor current contributed by the dc[ll] Z. Ye, K. Xing, S. Mazumder, D. Borojevic, and F. C. Lee, “Modeling

bus voltage is and control of parallel three phase PWM boost rectifiers in PEBB-based
dc distributed power system,” liEEE APEC'98 vol. 2, pp. 1126-1132.
v [12] K. Matsui, “A pulsewidth modulated inverter with parallel-connected
de transistors by using current sharing reactors,” |IHEE 1AS'85 pp.
151 (trt1 = ) (A12) 1015-1019.
[13] V. H. Prasad, D. Borojevic, and S. Dubovsky, “Comparison of high
. . . o . frequency PWM algorithms for voltage source inverters,”MREC
which is the last term in, for (A11l). Similarly, in thed2 Seminar Proc.’96 pp. 115-122.

period of time, theppn vector is used. The phasé inductor [14] C. Petry, “Shipboard electrical power architecture,” @ontrol Tech-
' nology Workshop: The Regulation and Distribution of Power in Large

Aty =

current contributed by dc bus voltage is Systems1995, pp. 102—131.
) Vac/2
Aig = — di/ (tha2 — trt1) (A13)
1.5L

and in the followingd0/2 period, the dc bus voltage does not
contribute to the inductor current. The terms in Table | for
phaseB and C can be interpreted similarly.

For the SVM used in Section lll, the duty cycles are

recalculated as Kun Xing (S'98) received the B.S. degree in electri-

cal engineering from Xian Science and Technology
University, Xian, China, in 1986 and the M.S.

dl’(ﬁ) . d1(9) + d0(9) degree from Zhejiang University, China, in 1989.
- 4 He is currently working toward the Ph.D. degree
d0(9) in electrical engineering at the Virginia Polytechnic

dg’(g) — dg(g) + T (Al4) Ibnusrtgi’tute and State University (VPI&SU), Blacks-
d()(g) He was with Northern Jiaotong University, Bei-

do' () = — jing, China, from 1989 to 1994 and at ABB China

Limited for one year. He joined the Center for
Power Electronics Systems (CPES), Bradley Department of Electrical and

Vdca7 VdClM andVdCC are defined as Table |l in each Segmenpomputer Engineering, VPI&SU, in 1995. His research interests include

Th f lculated di h b esign, modeling, simulation, and control of distributed power systems, PFC
e current waveforms are calculated according the a oé(@uits, multiphase power converters, power module packaging, and device

formula. The comparisons between the® Gflamping SVM characterization.



XING et al: INTERLEAVED PWM WITH DISCONTINUOUS SPACE-VECTOR MODULATION

Fred C. Lee (S'72-M'74-SM’'87-F'90) received g
the B.S. degree in electrical engineering from the
National Cheng Kung University, Taiwan, R.O.C.,
in 1968 and the M.S. and Ph.D. degrees from
Duke University, Durham, NC, in 1971 and 1974,
respectively.

He holds the Lewis A. Hester Chair of Engi-
neering at the Virginia Polytechnic Institute and
State University (VPI&SU), Blacksburg, and was
the James S. Tucker Endowed Professor in th
Bradley Department of Electrical Engineering. He is

917

Zhihong Ye (S'98) received the B.S. and M.S.
degrees in electrical engineering from Tsinghua Uni-
versity, Beijing, China, in 1992 and 1994, respec-
tively. He is currently working toward the Ph.D.
degree at the Virginia Polytechnic Institute and State
University (VPI&SU), Blacksburg.

From 1994 to 1996, he was a Research Assis-
tant with the Department of Electrical and Applied
Electronics Engineering, Tsinghua University. His
research interests are three-phase power converters
modeling and control and stability and interaction

the Founder and Director of the Virginia Power Electronics Center (VPECG3nalysis of distributed power electronics systems.

a Technology Development Center of the Virginia’s Center for Innovative
Technology (CIT). Under his leadership, VPEC has become one of the
largest university-based power electronics research centers in the country.
His research interests include: high-frequency power conversion, distributed
power systems, space power systems, PFC techniques, electronics packa
high-frequency magnetics, device characterization, and modeling and con

of converters.

Dr. Lee served as the President of the IEEE Power Electronics Society fri
1993 to 1994. He was a recipient of the 1985 Ralph R. Teeter Educatiol
Award, the 1990 Alumni Award for research excellence from VPI&SU, an
the PCIM Award for Leadership in Power Electronics Education in 199(
He is also the recipient of the 1989 William E. Newell Power Electronic
Award, the highest award presented by the IEEE Power Electronics Soci
for outstanding achievement in power electronics.

Sudip Mazumder received the M.S. degree in
electrical power engineering from the Rensselaer
Polytechnic Institute, Troy, NY, in 1993. He is
currently working towards the Ph.D. degree at the
Virginia Polytechnic Institute and State University
(VPI&SU), Blacksburg.

He has eight years of industrial experience in
the area of motor drives and power electronics. His
areas of interest include nonlinear analysis and non-
linear control of dc and multiphase multistage con-
verters, high-performance motor drives, and bidi-

rectional and soft-switch converters.

Dusan Boroyevich (M'82) received the B.S. de-
gree from the University of Belgrade, Belgrade,
Yugoslavia, in 1976, the M.S. degree from the
University of Novi Sad, Novi Sad, Yugoslavia, in
1982, and the Ph.D. degree from the Virginia Poly-
technic Institute and State University (VPI&SU),
Blacksburg, in 1986.

| RN From 1986 to 1990, he was an Assistant Professor

\ N - and Director of the Power and Industrial Electronics
1\ Q- Research Program at the Institute for Power and
! : Electronics Engineering, University of Novi Sad. In
1989, he was Acting Head of the Institute. In 1990, he joined VPI&SU as an
Associate Professor and in 1996 became Associate Director of the Virginia
Power Electronics Center. His research interests include multiphase power
conversion, high-power PWM converters, modeling and control of power
converters, applied digital control, and electrical drives. He has published over
100 technical papers, has three patents, and has advised three Ph.D. and six
M.S. students to completion. He has been involved in numerous government
and industry-sponsored research projects in the areas of power and industrial
electronics, totaling over $5 million.

Dr. Boroyevich is a member of the IEEE Power Electronics Society AdCom,
IEEE Industry Applications Society, and the Industrial Drives and Industrial
Power Converter Committees. He is also a member of the Phi Kappa Phi
honor society.




