1900

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 22, NO. 5, SEPTEMBER 2007

Analysis and Control of a Three-Phase,
Unity Power Factor Y -Rectifier

Roland Greul, Member, IEEE, Simon D. Round, Senior Member, IEEE, and Johann W. Kolar, Senior Member, IEEE

Abstract—This paper presents the analysis and operation of a
three-phase pulsewidth modulation rectifier system formed by
the star-connection of three single-phase boost rectifier modules
(Y -Rectifier) without a mains neutral point connection. The
current forming operation of the Y -Rectifier is analyzed and it is
shown that the phase current has the same high quality and low
ripple as the Vienna Rectifier. The isolated star point of Y -Rec-
tifier results in a mutual coupling of the individual phase module
outputs and has to be considered for control of the module dc link
voltages. An analytical expression for the coupling coefficients of
the Y -Rectifier phase modules is derived. Based on this expres-
sion, a control concept with reduced calculation effort is designed
and it provides symmetric loading of the phase modules and solves
the balancing problem of the dc link voltages. The analysis also
provides insight that enables the derivation of a control concept for
two phase operation, such as in the case of a mains phase failure.
The theoretical and simulated results are proved by experimental
analysis on a fully digitally controlled, 5.4-kW prototype.

Index Terms—Pulsewidth modulation (PWM).

1. INTRODUCTION

N IMPORTANT trend in power electronics has been

the replacement of the traditional, low frequency of-
fline power supply modules by the high-frequency switched
rectifiers. This change is driven by the requirements for high
power density, low-harmonic current distortion and a high
power factor, and is made possible due to the reducing cost
of silicon-based power and control devices. One significant
application area for compact, high power factor voltage sup-
plies with galvanic isolation is in providing the power for
telecommunication and server facilities. The required power is
up to several 100 kW with a dc output voltage of 48 V. The
industrial trend to construct these high power systems is to
connect, in parallel, multiple three-phase rectifiers, each with a
nominal power of 5 to 10 kW, instead of single-phase systems.
These modular systems are often an industrial requirement
since they have a high reliability due to redundancy and they
are hot-pluggable. The modularity also allows for system
enlargements and specification changes without expensive or
complicated modifications. The input stage of these power
supply systems can be realized with either a direct three-phase
rectifier topology, where the dc output voltage is common to
all phases [e.g., Vienna Rectifier, Fig. 1(a)] or with a modular
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Fig. 1. Direct and modular three-phase PWM rectifier system. (a) Vienna Rec-
tifier using six switches (a three-switch version of the Vienna Rectifier is dis-
cussed in [3]). (b) Y -Rectifier, a star-connection of three single-phase two-
switch rectifier modules.

topology using a star-connection [Y -Rectifier, Fig. 1(b)] or
delta-connection (A-Rectifier, [1], [2]) of single-phase boost
rectifier modules with individual dc output voltages.

The three-level structure of the Vienna Rectifier results in a
low blocking voltage stress on the power semiconductors and a
small input inductor volume [3]. For a wide line-to-line input
voltage range of 320...530VRgys the dc output voltage of the
input stage has to be set to 800 V4.. This high voltage level is
a disadvantage as it is better to realize the isolated dc—dc stage
with 600 V power semiconductors so that the converter losses
are reduced. Therefore, the dc—dc output stage has to be real-
ized with a series connection of two dc—dc converters (with their
outputs parallel connected) and/or a three-level dc—dc converter
topology.

With the A-Rectifier, the output voltage also has a high
voltage level since each single-phase boost rectifier is connected
to a line-to-line voltage. However, a significant advantage of
the A-Rectifier is that the system is able to deliver nominal
output power in case of a mains phase loss when a three-phase
thyristor bridge is used as the module input rectifier [1].
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Fig. 2. Control of the dc link voltages u o ; of the phase modules of a Y"-Rec-
tifier by (a) changing the power drawn from the mains (input-oriented) or (b)
changing the power supplied to the load (output-oriented).

In contrast, the Y-Rectifier has the advantage of a low dc
output voltage of only 400 V from each of the phase mod-
ules. The dc—dc output stage is created by connecting individual
dc—dc converters (built using 600 V power semiconductors) to
each of the three rectifier modules and the outputs are then con-
nected in parallel to form a common 48 V output. This leads to a
very simple overall structure for the modular three-phase power
supply since it is constructed of relatively standard single-phase
modules.

Modular Y -configured rectifier systems, which have a neu-
tral line connection to the mains star point N, have been re-
ported in [4], [5]. However, for a standard telecom power supply
no neutral wire connection is provided. In the Y -Rectifier, the
isolated star point, Ny, results in a mutual coupling of the in-
dividual phase currents and/or module outputs and therefore
makes the balancing of the dc link voltages difficult. In [6], to
overcome these control difficulties, Ny was connected to an
artificial neutral point formed by three auxiliary transformers.
With this approach the modules become decoupled and are op-
erated in a similar way to a system that has a connection be-
tween the system star point Ny and the mains star point N.
The disadvantage with this approach is that the system size and
cost are significantly increased due to the auxiliary transformers.
Therefore, the motivation of the research presented in this paper
is to determine whether the decoupling of the modules can be
achieved by purely control means rather than by passive com-
ponents.

There are two different control concepts possible for the
Y -Rectifier, as shown in Fig. 2. The first is to control the dc
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link voltage between the single phase rectifier and the dc—dc
converter by changing the power drawn from the mains supply
[Fig. 2(a)]. This method is therefore referred to as input-orien-
tated control since the power on the input ac side is regulated.
The second concept is an output-orientated control method
[Fig. 2(b)], where the dc link voltage is regulated by changing
the power supplied to the load through the dc—dc converter.

Unfortunately, very little has been published on the control
concepts for the Y -Rectifier. In 1993, an output-orientated con-
trol method was briefly presented in [7]. There, the rectifier
consisted of a star-connection of three single-phase modules,
each containing a power factor correction input stage and a
dc—dc resonant converter for the output stage. The control of
the dc-link voltages was achieved by changing the power de-
mand of the dc—dc stage. This control concept was proposed
without any qualified control-oriented analysis since the con-
cept is straight forward because of the missing mutual interfer-
ence of the phase control actions. To the knowledge of the au-
thors, no other output-orientated control methods or any input-
orientated control methods have been reported in the literature.

The purpose of this paper is to analyze the operation of the
Y -Rectifier, based on an analytical analysis of coupled modules,
and to determine if a suitable input-oriented control method can
implemented. First, in Section II, the basic principle of opera-
tion of the system is described by a space vectors analysis of the
rectifier input voltages that are available for sinusoidal control of
the mains current. From this, the basic performance concerning
the mains ripple and inductor realization effort is determined.
The analysis shows that the Y -Rectifier exhibits identical space
vectors as the Vienna Rectifier, and therefore, in principle, the
same high quality mains current is possible. In Section III, the
system control of the rectifier system is discussed, firstly looking
at the mutual coupling of two series connected modules. By con-
sidering the local average values of the system quantities, the
module coupling can be formulated in an analytically closed
form. This analysis is then generalized to balanced three-phase
operation of the Y -Rectifier, where global average values over a
mains period are considered. The model clearly shows the cou-
pling of the phase modules caused by the isolated star point Ny-.
Based on this, a control concept with reduced calculation effort
is designed to ensure constant dc link voltage levels. The pro-
posed control structure is proved by experimental results from
a digitally controlled, 5.4 kW prototype.

II. Y-RECTIFIER

A. Basic Principle of Operation

The modules in a Y -Rectifier can be based on the standard
PFC topology, which has an ac-side inductor and a diode
full-bridge that is followed by a boost stage. As an alternative,
a modified topology with two simultaneously controlled power
transistors S;; and S;» is employed in each module (see
Fig. 1(b) and [8]) in order to reduce the conduction losses
and complexity of the input rectifier. Here, the current flows
through only two semiconductor devices. The diodes provide
the simultaneous functions of rectification and boosting, and
therefore must have fast switching and low reverse recovery
charge characteristics.
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Fig. 3. AC-side equivalent circuit of the Y -Rectifier. N’ marks a virtual star-
point of the system, which has the same potential as the mains star point V.

The principle of operation of the Y -Rectifier is described for a
two-level rectifier system (a three-level rectifier implementation
is discussed in [9]). The ac side equivalent circuit of a Y -Rec-
tifier is shown in Fig. 3. The current formation in each phase
(index = = R, S,T) is given by

din ;
dt

un; =L +uy; +uny N (D
where the sign of the rectifier input phase voltage, uy;, is deter-
mined by the direction of the corresponding phase current, ¢ ;.
Since the sum of the three line currents is zero, this results in

d’L'NyR n dZ'N75 n dZ'N7T

dt dt dt

=0 )

and, therefore, for a purely sinusoidal symmetric mains voltage
system (D un; = 0)

1
UNy N = _5 Z Uy,i- 3)

Since the =zero sequence component, ug =
1/3(uy,r + uu,s + uy,r), is contained in the phase
voltages uy,;, the voltage uy, x that appears between the star
point Ny of the phase modules and the mains star point N
is equal to —ug. Accordingly, in each phase only the voltage
up; = wuyi — ug is effective for the current formation.
Thérefore, as shown in Fig. 3,

dZ'N’,L'
dt

UN,i = L + ule (4)
Combining the phase quantities u’UL in a complex space
vector given by

Uy = g(ulU,R + QU,U,S + gzu'UyT) where a = el % (5)
and introducing equally defined space vectors for the mains
phase voltages, ux ;, and the mains phase currents, ¢y ;, (4) re-
sults in
Uy = L— 4+ uy;. 6
Uy o Tl (6)

The phase quantities uy; ; and iy,; and/or the space vectors u;
and 2y now can be decomposed into a mains frequency funda-
mental (index (1)) and a switching frequency ripple component
(index (n))

Uy = Uy 1) T Uy (n)

Ly =Ly, (1) T IN,(n) (7
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Fig.4. Space vectors u,, of the Y -Rectifier input phase voltages 7, ; available
for mains current control in the 60° phase sector defined by iy, g > 0,in,5 <
0,2n5,7 < 0. The switching state and the resulting zero-voltage component
mark each space vector.

and by considering (6), this results in

. di
uy = Uye?“Nt = L—_]c\lr;f(l) + Uy, (1)
= jwnLiy 1) +uy, )
dﬁ']\f n
L dt( b= gy — . ®)

To achieve a sinusoidal mains current shape, a rectifier input
voltage Uy, = uy () = Upel“Nt has to be formed, where
Uy denotes averaging over a pulse period. The ripple, iy (),
of the input current, 7, is caused by the difference of the ap-
plied voltage u;; and the ideal voltage uy (). Therefore, in
order to ensure a minimum mains current distortion, the voltage
vector ug; 1y has to be formed using switching states, which
correspond to voltage space vectors in the immediate vicinity
of ug; (1). Due to the two-level topology of each module, the
Y -Rectifier has 22 = 8 possible switching states that are de-
noted by the combined power transistor switching function

SrsT = (SR s ST) 9

where s; = 1 denotes the turn-on state of the switches .S; ; and
Si,2,and s; = 0 the turn-off state. The two switches S; ; and .S; 2
in each module operate synchronously, although only one of the
switches conducts current in the forward direction, depending
on the sign of the input current. The second switch conducts
current in the reverse direction through the body diode.

The generated rectifier voltages uy,;, which are dependent
on the sign of the phase current and the switching state s;, are
defined by

Uy, = Sgn(iNﬂ-)(l — Si)Uo. (10)
The voltage space vectors u;; corresponding to the different
switching states for iy g >0 and iy g < 0,iy7 <O are de-
picted in Fig. 4. The number and position of the space vec-
tors correspond with those of the Vienna Rectifier for identical
signs of the phase currents. Consequently, the same well-known,
mains voltage feed-forward signal [10] used to modulate the
duty ratio as the Vienna Rectifier can therefore be employed in
the Y -Rectifier. With pure sinusoidal feed-forward of the duty
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Fig. 5. Average current mode control of the rectifier mains phase currents.
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ratio D; = 1 — |u)y ;|/Uo the modulation maximum is limited
to

M =Uy,/Uo = 1. (11)

The operating limit My,,, = 2/v/3 is only available when a
third harmonic is added to the modulation signal.

B. Rectifier Current Control

The Y -Rectifier controller’s objective is to regulate the
common output voltage of the dc—dc converters and to maintain
a constant, equal voltage on the dc link of each of the rectifier
modules. Both the input-orientated and output-orientated con-
trol approaches require a current controller. To minimize the
realization effort of the rectifier’s current control, an average
current mode (ACM) controller with mains voltage feed-for-
ward is employed in each phase (Fig. 5). The synchronization
of the phase modules, to minimize the input current ripple
and/or optimize the switching state sequence, is achieved by
using the same carrier signals cpy ; and cp_ ; for all phases.
The difference between these two signals is a time shift of one
half period. As is implemented in a Vienna Rectifier, the carrier
signals are used alternatively for the PWM generation, with
the selection being dependent on the sign of the mains phase
voltages. The phase voltages are measured across equal high
ohmic resistors in a star arrangement at the system input.

The reference values of the mains phase currents are derived
by multiplying the zero sequence free mains phase voltage u'y ;
with a reference conductance G} as defined by a combination
of superposed voltage control loops (see Section IV). The sinu-
soidal control of each phase current is implemented in the cur-
rent controller Ry (s). The controller slightly changes the pulse
pattern resulting from the duty cycle feed-forward D; in order
to ensure the formation of a voltage u, (1) = jwn Line N [cf.
(9)] across the inductors over a pulse period in addition to the
mains voltage. As the star point Ny of the phase modules is not
connected to the mains neutral [V, the sum of the phase currents
is forced to zero, and therefore only two phase currents can be
controlled independently. For this reason no integral component
of Rj(s) is desired in order to avoid a wind-up of the current
controller. However, due to the duty-cycle feed-forward and the
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low absolute value of uy, (1) for high switching frequency oper-
ation and/or a low inductance L, a purely P-type controller can
ensure a low current control error.

C. Stationary Operating Behavior

Since the rectifier input phase voltage, uy; p, is responsible
for the current formation, the changing potenﬁal of the system
star point Ny-, caused by the switching, leads to the coupling of
the modules. The impact of this coupling on the input current
ripple is analyzed by simulation of the system in steady-state
with balanced mains voltages and compared with a system that
is decoupled by connecting the system star point Ny to the
mains star point N. Fig. 6 presents the simulation waveforms
and space vector diagram for a two-level Y -Rectifier. For the
simulation model, constant module dc link voltages U ; are im-
pressed in order to omit the superimposed voltage control loop.
Fig. 6(d) shows the low ripple contained in the mains phase cur-
rents iy ,;, () (having the same shape as for the Vienna Rectifier)
that results from the modular current control concept depicted
in Fig. 5. The pulsewidth modulation is optimum, as the current
controller employs only voltage space vectors u; in the imme-
diate vicinity of Uy, 1) R Uy [Fig. 6(a)]. A small improvement
in the remaining input current ripple can be reached by using
a third harmonic, such that the switching of the space vectors
is optimized. Additionally, Fig. 6(b) shows the time behavior
of the current forming rectifier input phase voltage u’U’ R» and
of the local average value E’U R» Which is approximately equal
to the mains voltage feed-forward signal uy 5 due to the low
inductance. /

Fig. 7 shows the normalized RMS ripple component of the
mains phase current for the Y -Rectifier (or Vienna Rectifier)
compared to a single-phase module with equal value of the input
inductance and/or a modified Y -Rectifier with a neutral connec-
tion between N and Ny-. The Y -Rectifier (with no neutral con-
nection) has significantly lower mains current ripple compared
to a single-phase module since the third, ninth, 15th,... har-
monics are not current forming. The effective line current ripple
is reduced by more than 50%. The ripple component can be ad-
ditionally reduced by approximately 15%—-20% through adding
a third harmonic (of amplitude 1/6 U ~) to the mains voltage
feed-forward signal.

III. SYSTEM CONTROL

To develop an input-orientated controller for the Y -Rectifier
that is able to provide the required decoupling for each of the
modules, an analytical analysis of the mutual coupling of the
phase modules is required. In this section, the coupling of two
series connected dc—dc converters is first considered in order
to aid the understanding of the coupling problem. The anal-
ysis is then applied to the series connection of two rectifier
modules, which has the same behavior as the Y -Rectifier in
case of two-phase operation. A control concept is presented for
two-phase operation, which is required during a mains phase
loss. The analysis is then extended for the case of three-phase
Y -Rectifier operation.
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Fig. 7. Normalized RMS ripple component of the phase current for the two-
level Y -Rectifier. (a) When Ny is connected with NV, i.e., equivalent to op-
eration of three decoupled single phase modules. (b) Sinusoidal mains voltage
feed-forward (cf. Fig. 5), Ny open. (c) Mains voltage feed-forward with ad-
ditional third harmonic of amplitude 1/6 Uy ; Normalization base: tporm =
UoTp/8L = 7.1 A, where Tp denotes the pulse period.

A. Coupling and Control of Two Series Connected DC-DC
Boost Converters

In order to gain insight into the coupling of the phase mod-
ules of the three-phase system, a series connection of two de—dc
boost converters a, b [Fig. 8(a)] is analyzed as a first step. It is
assumed that both converters are operated in continuous con-
duction mode, the output voltages are constant, and there is an
individual proportional current controller for each converter. If
there is a change in the input current reference value for con-
verter a by AT} this will result in a change Alp , in the av-
erage value of the related output diode current ip .. In order to
set a positive change A the relative turn-on time d, of power
transistor S, is increased by the current controller. The current
controller of converter b now tries to compensate the resulting
change of the input current, which is common to both systems,
by increasing the relative turn-off time d; = (1 — d;) of S.

U R.(1) = Uy g of uy, 5. (c) Mains phase currents, (d) Ripple component in,r,(m)(in,R = IN,R,(1) T N, R, (n));
25 kHz, Py = 5.4 kW, symmetric mains.

As the output diode current is determined by the product of the
input current and the transistor turn-off time, an increase or a de-
crease Alp q of Ip o will occur depending on the final increase
of the input current I = I, = I, and a final decrease of d,
(P-type current control). However, in any case, the output diode
current Ip ; of system b will be increased by Alp ;. There-
fore, for a change in a reference current of one module there
is an associated change in the output diode current of both mod-
ules. This can be mathematically represented as a direct cou-
pling term H;; = (Alp,;)/(AIL) and a cross coupling term
H;; = (Alp, ;)/(AI}). The analytical derivation of the cou-
pling terms is presented in [11] for impressed equal output volt-
ages and it is shown, for the considered system parameters, that
the cross coupling term is dominant. Therefore, the balancing of
the output dc voltages could only rely on the pronounced cross
coupling (cf. Fig. 9).

For the series connection of two ac-dc power factor correc-
tion phase modules [Fig. 8(b)], a similar analysis can be per-
formed. There, we assume the inner current control to be real-
ized with an ACM controller with duty cycle feed-forward [ac-
cording to (u/2)] as given in Fig. 8(c), and the desired phase
current as the current reference signal. In the outer control loop,
the reference current for each module is determined by multi-
plication of the module input voltage with a reference conduc-
tance (i = G} - u,,1; = G} - up, Where u, = up = u/2).
If the reference conductivity dev1ates by AG} there is now a
change AI * in the amplitude I * of the related phase current
reference value 2} . Due to the typically large output capacitance
and the slow response of the output voltage control, only the
resulting change Alp , and Alp ; of the diode current global
average values (averaged over a mains period) has to be con-
sidered. Accordingly, the sinusoidal shape of the input voltage
and current does not take direct influence and the system control
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Fig. 9. (a) Voltage controller for the Y -Rectifier with two-phase operation. (b) Three-level topology with equivalent coupling properties as the series connection

of two rectifier modules [see Fig. 7(a)].

behavior can be characterized by the coupling coefficient terms
Hi; = (AIp)/(AI¥) and Hj; = (AIp j)/(AIY). The result
of the analytical analysis in [11] shows that the cross coupling
term H;, for the considered system parameters, is dominant
compared to the direct coupling H;; term.

A proper control concept for the superposed voltage con-
troller of Up ; is shown in Fig. 9(a). The deviation of the refer-
ence output value U minus the average value of the measured
output voltages (Uo . + Uop)/2 is amplified by the voltage
controller Ry (s). The controller output G}, ; takes equal influ-
ence on the reference value of the inner current controllers. To
increase the control dynamics concerning load changes, a feed-
forward signal G ,, which represents the power being supplied
by the dc—dc stage, is added to G’} . Additionally, to compen-
sate for any unbalance of Up and Uo p» the output AG™ of the
controller RU7ba1( s) is added to or subtracted from the refer-
ence current values, based on the dominant cross coupling. This
structure of the outer voltage controller could be implemented in
the digital controller of the Y -Rectifier for two-phase operation,
i.e., in case one mains phase is lost. The duty cycle feed-forward
in the inner current controllers (R ,(s), Rr»(s)) is determined
by di = 1 — (Jul/2)/(Uo) = 1 — (|ul)/(Uo.u + Uo).

The voltage controller of Fig. 9(a) utilizes the cross coupling
to compensate for any unbalance between the two output volt-
ages. For example, to decrease Up , the current reference i, is
increased through AG™. Switch S, 1 is now turned on longer by
the proportional current controller, which results in less current
flowing into Up , and more current into Ugp .

The series connection of the two two-level modules can be
rearranged and simplified into a three-level topology as shown
in Fig. 9(b). As can be seen, the same current must flow in each
phase and therefore there will be coupling between the upper
and lower part of the output circuit. For the three-level rectifier
there is an alternative control method, where only one current
controller is employed and the voltage on the two output ca-
pacitors is balanced by adjusting the duty cycle of each of the
switches. This basic control concept could be applied to the con-
verter in Fig. 8(b).

B. Y -Rectifier Operating With Symmetric Three-Phase Mains

In the following, the analytical analysis of the module cou-
pling for a three phase input voltage is derived, followed by the
synthesis of a proper concept for the module output voltage con-
trol. This is similar to the coupling of series connected single
phase modules due to their common input current ¢; in the case
at hand the isolated module star point Ny forces the sum of the
ac-side input currents to zero

> i =ip+is+ir =0 (12)

which results in a coupling of the phase currents and/or
of the power flows in the phases. Therefore, a change
in the reference input current of one phase module
(AI¥ = AGF - Uy|cos(wt — @;)|) will cause a change
Alp ; of the global average value of the output diode current of



1906

0 Ti Nea
Fig. 10. Block diagram representation of the three-phase Y -Rectifier showing
the influence of changes of the amplitudes of input current reference values (for a
balanced, sinusoidal three-phase reference current system) on the phase module
output diode current average values. For symmetric mains, all cross coupling
terms have equal values H,; = H; (indices ¢, = R, S, T).

each module. The stationary coupling coefficients are depicted
in Fig. 10 by a control-oriented block diagram and represented
by the matrix formulation

Alpn N
Alps | =H- | Al
Alpr Al

Hrr Hprs Hgr Alp

= | Hsg Hss Hsr Al

Hrr Hrs Hrr Al

(13)

The current controller for each module is implemented, as
shown in Fig. 8(b), with feed-forward control of the duty cycle
by d; = 1 — |un;|/Uo. The analytical calculation of the cou-
pling coefficients is derived for a deviation of an operating con-
dition, where the module dc link voltages have equal values
(Uo,i = Up) and the entire load Py, is shared equally over the
three module outputs.

In the following calculations some expressions for the three-
phase system are reduced to a single-phase form with indexes
1,7 = R, S,T and the index N for mains voltages and currents
is omitted. The input voltages are assumed to be purely sinu-
soidal with a phase shift of 120° as given by

u; = U cos(wt — ¢;)
A 21
= U cos <wt — n?> wheren =0,1,2; (14)

for no small signal deviations, the rectified phase currents used
in for current control (Fig. 13) have a purely ohmic behavior of

cos | wt—n—||.
3

In case a small signal deviation is introduced by in-
dividual changes Af;* of the phase current reference
amplitudes, the reference current becomes ¥ = (f 4+
AI¥)| cos(wt — n(2r)/(3))]. If it is assumed, at the considered
operating point, that the reference and actual current values for

i =1 (15)
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no deviation are equal for all phases (f;" = I* = 1I; = I, ideal
current control) then the rectified phase current also contains a
small signal deviation, given by

(=5))
cos | wt—n— | |.
3

The sum of the ac-side phase currents is zero, which is de-
scribed by the condition

i = (I + AL) (16)

Sgn(uR)'MiR + sgn(us)%s + Sgn(uT)'MiT =0. (17)

Inasimilarway asinthe case of the series connected dc—dc con-
verters (Section III-A), the change in reference signal will cause a
change in the diode current. To establish the coupling in the three-
phase case, the change in diode current is determined from the
off-time duty cycle and the phase to phase voltage loop equation.

According to Fig. 8(c) the relative turn-off times of the
switches S; are given by

5 1

d's = U—O[|Ui| — Kp(i] — )]

1 N N A
(@)

(-25)
cos | wt —n— ||.
3

(13)
The phase to phase voltage equation is
dz d 1 ~ ~
U — uj = T Ry e +Uo (sgn(u;)d; — sgn(u;)d})
dt dt
=0
19)

and the fundamental inductor voltage drop can be neglected for
high switching frequency and/or low inductance of the input
inductors. This leads to a direct relation of the line-to-line input
voltages and the duty cycles

(ui — uj) = Uo[sgn(us)d'; — sgn(u;)d';]- (20)
Considering (17) and setting (18) into (20) results in
Alg|coswt|
2 . 1. ., 2
= +§AIR|Coswt| + gAIS cos <wt - ?>
1,4 4
+ gAI} cos (wt - %) ‘
A 2
Alg |cos <wt - —7r>‘
3
1, - 2 » 2
= +§AI}§|coswt| + gAI; cos (wt - %)
1 - 4
— =Al} |cos | wt — il
3 3
A 4
Alr |cos (wt — l)‘
3
1. . 1. . 2
= +§AI§|coswt| — gAI; cos <wt - %)
2 - 4
+ gAI; cos (wt — %) ‘ (21)
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for the input voltage condition of ugp > 0 and ug,ur < O.
The deviations Aip ; of the output diode currents ip ;,ip,; =
ip,; + Aip ;, are determined by

Aip g = drAir + Adgig
U ..
= FOAIR|COSW15|2

_ Kp(Aly - Alp)
U
AiD75 = digAZ'S + Adsis

U " 2T
cos | w 3

=——AI
Up %
cos | wt — —

3
2

Ilcos wt|?

2

_ Kp(AIf - Afs)f 2
U

AZ'D;T = d{TALT + AdT’L'T

(4-%)
cos | wt — —
3

Kp(Alz — Aly) ;
Uo

U .
= _— AL
U, *

(22)

Setting (21) into (22) leads to the time-dependent coupling
coefficients of

1 A R
hii(wt) = +m(2U — KpI) cos?(wt — ;)
b
30y
x cos(wt — ;) cos(wt — ;).

hij(wt) = (U + Kpl)

(23)

Using the same proceeding to determine the coupling coef-
ficients for the next 60° phase sector leads to identical expres-
sions. Therefore, over the entire mains period the time-depen-
dent coupling coefficients of (23) are valid and the coupling ma-
trix can be defined with the time-varying elements as

Aip r
Aip s
AipT
hRR(wt) }LRs(u}t) hRT(wt) AIj{
= hSR(wt) hss(wt) hST(wt) ATG
hrr(wt) hrs(wt) hrr(wt) AIA;

(24)

As the voltage control loop dynamics is selected to be signif-
icantly lower than the mains frequency, (23) can be integrated
over a mains period to produce the global average coupling co-
efficients

1 27 1 R 1 ~
H'iq‘,:_ h” t)ydwt) = —(U — =K IL'
o7 J, (wt) d(wt) = 35 (U = 5 Kpli)

[ . .

H;yi = — hii(wt) d(wt) = U+ Kpl;
1= 5p [ bl dt) = g (0 + Kpl)

(25)
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which characterize the system control and coupling properties
in matrix form [cf. (13)].

One way to show that this derivation is valid is to consider
a simple example where all the three phase reference currents
change by the same amount such that they automatically fulfill
the current sum condition. For the case of symmetrical mains
voltages and by using (13) and (25) the change in the output
diode current can be determined from

Alp; 1 [, 1 . . .
Di— _— (- ZKpl U+ Kpl
NG 3Uo< 2 P>+12U0( +Kpl)
U
- 2Uo°
(26)

Rearranging (26) into (UAI*)/(2) = UoAlp ; shows that
the correct power balance of the system is obtained and therefore
proves that the derivation is valid.

An alternative confirmation is by comparing calculated cou-
pling coefficients (H;;, H;;) to results from digital simulations.
Fig. 11 shows the comparison of the calculated and simulated
coefficients for a current controller with a gain of Kp =
15.2 VA~! and demonstrates the high accuracy of the modeling
approach for the case of nominal operating voltage. The small
deviations can be explained by the simplifying assumptions
facilitating the simple analytical calculation.

One has to point out that for deriving the system model the
small-signal phase current deviations are assumed to show a si-
nusoidal shape in phase with the according phase current [cf.
(16)] as it considerably simplifies the calculations. In practice
there is a phase displacement ¢;;. between the actual and refer-
ence currents, however the assumption can be justified by the
fact that the influence on the transferred power is only from
cOs ¢;;x, which has values close to 1 for small values of ¢;;.

As shown in Fig. 11 for the fixed current gain K p, the char-
acteristics of H;; and H;; intersect within the operating range.
At these intersection points the matrix H " is characterized by
singularity. Dominant direct coupling exists for the low input
current operating range and for high input currents the cross
coupling term is dominant. In case an adaptive decoupling ma-
trix, Mpgc = H _1, is employed for the system control, the
system could only be decoupled for operating points with suffi-
cient distance from the intersection regions. A controller design
based on ideal decoupling is presented in [11] and is limited by
the following restrictions.

a) For the operating points where all elements of the system
matrix H have equal values H;; = H;; no decoupling
matrix exists because of the singularity of H (det(H) =
0).

b) The calculation of the system matrix H is based on ide-
alized and simplified assumptions. Therefore, operation
with sufficient decoupling is limited to small disturbances
around the balanced operation points.

c) Simple expressions for the decoupling matrix M ppc =
H -1 [e.g., (27)] are only possible for symmetric mains
voltages (is assumed for the derivation of H in the case
at hand). For unbalanced mains, the resulting analytical
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1.4
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1.6

(a)

expressions for the decoupling coefficients are very com-
plex and would cause a very high computational effort to
adapt the decoupling matrix to the actual operating point.

Moo = H 20y /(30)
(U—Kpl)
50—Kpj —(0+Kpj) —(Uv-l—KpIA)
x| =(U+Kpl) 50-Kpl —(U+Kpl) Q27)
—(U+Kpl) —(U+Kpl) 50U-Kpl

In order to avoid the problem of intersections between the cross-
and direct-coupling coefficients, the current controller gain K p
has to be reduced so that H;; > H;; is given over the whole
operation range. Based on (25) the condition H;; > H,; can be
translated into

(28)

where Uy denotes the minimum phase voltage amplitude and
I'max is the maximum phase current amplitude of the given op-
erating range. A problem of this approach can arise, as in case of
wide input voltage and/or power range, where the current con-
troller gain K p has to be reduced to very low values. Fulfilling
(28) automatically fulfils H;; >0 as can easily be proven using
(25). Fig. 12(a) shows the stationary coupling coefficients for
Kp =152 VA~! (fp =4.5 kHz) violating the condition in
(28). Setting Kp = 7.0 VA™! (fp =2.1 kHz) fulfils (28) [see
Fig. 12(b)] and is sufficient for realizing a current controller with
low control error and acceptable dynamics over the whole oper-
ating range.

By increasing K p, the point Ps in Fig. 12(a) would shift to
the very left-hand side and result in H;; < H,;; over a wide op-
erating range. However, it is only in principle that the shifting
the singularity to small power levels is of benefit since the sin-
gularity is still in the operating range from zero to full current.
For example, when the current is close to zero the condition
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Fig. 11. (a) Comparison of the Y -Rectifier coupling coefficients H;; and H;; from simulation (points “+”) and analytical calculation ((25), solid lines and

(b) 3-D). Current gain K p = 15.2 VA~1; system parameters: symmetric mains/load condition, U,, = 325 V and Po ,, = 3500 W for each phase module.

Hj;, Hy Hj;, Hy
0. O=2607 04
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) .
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Fig. 12. Stationary coupling coefficients for U = Ui = 0.8 - U,, =260V

and (a) current controller gain Kp = 152 VA~! and (b) Kp = 7.0 VA~ !

where the singularity is shifted to a high power level outside the operating range.

H;; > H;; will reoccur. Furthermore, increasing Kp results
in a low current control phase margin and therefore is of no fur-
ther practical interest.

IV. DESIGNING A DC-LINK VOLTAGE CONTROL

The role of the Y -Rectifier controller is to define the input
phase current reference values, according to a symmetric ohmic
loading of the mains, and to maintain the output voltages of the
individual rectifier phase modules Up ; to a given level Ug. The
output voltage of the dc—dc converters connected to the Y -Rec-
tifier module outputs are controlled to the reference value U ;.
A control concept that matches these requirements is shown in
Fig. 13. The control concept is a computationally simpler im-
plementation than using the decoupling matrix and is based on
the fact that the current controllers’ gain is set such that the di-
rect-coupling terms are dominant and/or (28) is satisfied. There-
fore, any unbalance in dc link voltage of one phase can be com-
pensated by changing the reference current of that phase (direct
coupling) and ignoring the smaller influence of the other two
phases (cross coupling). The other part of the controller uses
the assumption that the Y -Rectifier is operating off symmetric
mains supply and that a step change in the output load should
cause an equal change in the input current of all of the three
modules.
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Fig. 13. Control structure of the Y -Rectifier for three-phase balanced mains operation. Signal paths for all phases are drawn with wide arrows. The index N is

reintroduced for mains voltages and currents.

The input reference conductance G is calculated from the
sum of the voltage controller (R (s)) output G ;, the output
power feed-forward term G 5, and the output of the balancing
voltage controller, AG?. To balance unequal dc link voltages
Uo,;, individual balancing controllers Ry _pa1i(s) insert a
correction term AG based, as previously described, on the
dominant direct coupling of the system within the operation
range. The balancing of the dc link voltages operates with
lower dynamics compared to the setting of their average value
(XUo,i)/3) by Ru(s). The reference value 7% ; of an input
phase current ¢y ; is then calculated by multiplication of G
with the zero-sequence-free component u)y ; of the corre-
sponding mains phase voltage derived from a star connection of
equal resistors. The value G7 is limited to ensure that the phase
current amplitude does not exceed an admissible maximum
value T N,max according to the dimensioning of the system.

The dc—dc output stage is formed by three parallel connected
dc—dc converters with a common output and the reference cur-
rent, i3, ;, for the individual de—dc output current controllers
(not shown) is set according to a symmetric ohmic loading of the
mains. The output power of a dc—dc converter stage connected
to a rectifier phase module output Uy, ; is defined to be equal
to the module input power by properly selecting G, and the
de—dc stage output current 47, ;. Therefore, the dc link voltage
Uo,; ideally should remain at a constant level. However, due to
the losses in the real system, control of Up ; has to be provided
such that it adapts the reference conductance G} by AG?.

V. EXPERIMENTAL IMPLEMENTATION

A 5.4kW, 400 Vgys line-to-line Y -Rectifier, with integrated
dc—dc converters producing 48 V4., has been implemented in
hardware. The Y -Rectifier prototype has the parameters shown
at the bottom of the page.

(@

i +l',, .*I*. iD, .L_L. 'Um”
- (b)

Jqs,,,Jgis,-;v ' 0 s NiNo'D,  Lpc

||-|+ N
~
-
QQ

index i=R,S,T

Fig. 14. (a) 5.4-kW prototype of the Y -Rectifier with dimensions of
20 cm X 12 cm X 27 cm, weight of 6.2 kg, and power density of 840 W/dm?
(13.8 W/in®). (b) Topology of one of three power modules.
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Fig. 15. Measured system efficiency for various symmetrical mains voltages
and output powers.

The modular structure of the system can be easily seen from
the prototype shown in Fig. 14(a). Each module consists of the

Rated power

Input voltage range
Module dc link voltage
Output voltage
Switching frequency
Module input inductors

Po, =5400W  (pp,/yv = 840 W/dm® = 13.8 W/in®)
Un,ji—1 =320 V...530 Vims

Uo,i =400 Vg4

Ut =46...54 Vg

fp = 50 kHz (for PFC rectifier and dc—dc output stage)
L = 580 pH (iron powder cores)
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Fig. 16. Experimental phase currents and output dc voltage for a phase loss (a) and reconnection (b) of phase .S. Output voltage zero-level marked by the left side

arrow. Current range: 5 A/Div, Voltage range: 10 V/Div.

loss-minimized two-level PFC input stage and a two-switch for-
ward converter for the dc—dc output stage [Fig. 14(b)]. A con-
nection PCB links three of these power modules in star-connec-
tion to the three phase mains and includes the digital controller,
measurement circuits and the housekeeping power supply. The
digital controller is implemented with an ADSP-21992 digital
signal processor (DSP) and a PLD for generating the PWM sig-
nals of the 12 power MOSFETs (four in each phase).

For testing, the complete rectifier system is supplied from
a symmetric three-phase voltage system generated by a three-
phase high power linear amplifier (Spitzenberger & Spies DM
15000 PAS) and feeds an ohmic load. The overall efficiency,
with dependency on the input voltage at constant output voltage
Uout = 48 V, is measured by a power analyzer (Norma Power
Analyzer D6100) and shown in Fig. 15. The nominal system
efficiency is over 92% and therefore is competitive to direct
three phase rectifier systems described in [12]-[15] that show
an overall efficiency in the range of 91 to 93.5%.

The measured THD of the phase currents, up to the 50th har-
monic, is less than 1.9%. The dynamic behavior for the case of
a phase loss and then return of the third phase after two-phase
operation are shown in Fig. 16. After detecting a phase loss
(marked distance in Fig. 16(a), t <1.5 ms) the DSP system
switches from the three-phase control structure shown in Fig. 13
to the two-phase control structure in Fig. 9(a). Once nominal
three-phase mains voltages are detected again, the DSP changes
from the two-phase control structure back to three-phase con-
trol structure. It can be seen that the use of a DSP controller
allows the control strategy to successfully switch between the
normal three-phase decoupled strategy to the two-phase strategy
and visa-versa. Therefore, the system control quickly adjusts the
mains currents so that only a low output power and/or output
voltage dip occurs. The low frequency distortion on the output
dc voltage is caused by the output stage having a single low pass
stage with low damping.

VI. DISCUSSION

The isolated star point, formed by the star-connection of the
single-phase rectifier modules (Y -Rectifier), results in a mutual
coupling of the individual phase rectifier outputs, therefore indi-
vidual control of each module is not adequate. The overall con-
troller assumes a power sharing of the modules that is character-

ized by a symmetrical ohmic load. As a consequence, the control
of the Y -Rectifier is only reasonable for a parallel connection of
the dc—dc outputs and for supplying a simple common load.
Based on derived analytical expression for the mutual cou-
pling, the maximum value for the control gain of the individual
current controllers can be determined, such that the cross cou-
pling does not have significant influence on the system for
symmetric mains conditions. To manage the different coupling
behaviors during three-phase and two-phase operation, the con-
troller switches between two different control concepts once the
phaseloss orreturn condition is detected and this has been experi-
mental verified. For two-phase operation the maximum available
output power is reduced to 58% of the nominal power avail-
able during symmetrical three-phase operation, since the two
series connected modules are now operating off the remaining
line-to-line voltage with the same maximum operating current.

VII. CONCLUSION

The Y -Rectifier combines three single-phase unity power
factor rectifier modules with isolated dc—dc converter output
stages in a three-phase star connection with floating star point
Ny-. This is an attractive concept for the realization of high
power telecommunication power supply systems. The main ad-
vantages of the Y -Rectifier are the low dc output voltage level of
the rectifier modules compared to direct three-phase solutions,
and that the system has a high degree of modularity. Compared
to individual single-phase rectifiers connected to a three phase
mains with neutral, there is a large reduction in the input current
ripple. However, not having a connection between Ny and the
mains neutral results in a cross coupling of the dc link voltage
control loops. An analytical model is derived that reveals the
dependency of the cross coupling terms in the system matrix on
the operating parameters and the mains current controller gain.
Based on this, a control concept is presented and the criteria
for the current controller gain is determined, such that the cross
coupling has a low influence on the system. In case of a phase
loss, the controller is able to switch to a proper control method
for the two remaining modules connected in series. The control
method has been experimentally verified for two-phase and
three-phase operation. In a typical telecommunication power
supply application the output orientated control scheme is the
most obvious choice. However, this paper has analyzed the
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input orientated control scheme for the Y -Rectifier and it has
been shown that input orientated control can be successfully
used in applications which require the supply of power to three
symmetric isolated loads.
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