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Abstract — The modeling and control of a three-phase, three-
switch buck-type rectifier system with integrated boost output
stage (VRX-4) is analyzed in this paper. A cascaded multi-loop
control structure is presented that has the following features:
constant output voltage for a wide input voltage range and step-
wise changes of load; sinusoidal input currents in phase with the
mains voltages that also remain sinusoidal in case of asymmetric
mains conditions; and active damping of the input filter reso-
nance. For the control design an equivalent DC-DC small-signal
model of the converter is derived and verified by simulations and
measurements. Based on this and the identification of the critical
operating point the controllers for the inner DC current and
outer voltage control loops are selected. The stability of the closed
loop system is discussed and the robust operation of the system is
verified by measurements on a SkW prototype.

I. INTRODUCTION

In [1] a three-phase PWM rectifier formed by integration of a three-
phase, three-switch buck-type front end and a DC-DC boost-type out-
put stage has been proposed. This topology e.g. gives the possibility
of controlling the output voltage to 400V for a wide input voltage
range of 208V ,...480V ,; with employing only 4 power transistors
(cf. Fig. 1), therefore it is denominated as Voltage Range Extended 4-
Switch Rectifier (VRX-4). For the control-oriented modeling, control
design and implementation of the system one has to consider the fol-
lowing points:

- Firstly, for operation in a wide input voltage range the dynamics of
the system to be controlled changes. Therefore, controllers have to
be identified that enable stable operation with good reference track-
ing and disturbance rejection behavior for all operating points.

- Secondly, the input filter shown in Fig. 1 which has been devel-
oped in [2] for compliance to the EMC standard EN55022 takes a
major influence on the control stability by significantly increasing
the system order. In [3] a sufficient condition for a separate design
of the control and the input filter was given, whose fulfillment,
however, leads to oversized filters and/or poor control bandwidth
[4]. Thus, for achieving a good control performance the dynamics
of the filter has to be directly considered in the control design.

- Furthermore, an active damping of the input filter resonance, as de-
veloped in this paper, takes substantial influence on the stability of
the inner control loop and therefore should not be neglected in the
controller design.

- And finally, the losses of the power semiconductors (switching and
conduction losses) also influence the dynamics as they provide ad-
ditional passive damping to the system. This fact is often neglected
in conventional converter modeling [5],[6].
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Fig. 1: Topology of the Voltage Range Extended 4-Switch Rectifier (VRX-4) in-
cluding input filter [2], three-phase buck-type rectifier input part and boost-type
output part.

In this paper, a control implementation for the VRX-4 rectifier is
proposed. After a short description of the basic operating behavior of
the rectifier in section II the control-oriented modeling of the topol-
ogy is presented and verified in section III and the dynamically criti-
cal operating point of the system is identified in section IV. In sec-
tion V the proposed control structure that features robustness against
disturbances from the mains and/or load side and ensures sinusoidal
mains currents under unbalanced mains conditions is discussed. Espe-
cially, four important issues for the control are then matter of discus-
sion, namely: a feedforward of the load facilitating an optimum dis-
turbance rejection and/or minimum output voltage drop for load varia-
tions; a DC current shaping in order to enable sinusoidal mains cur-
rents also for asymmetric mains condition; a common current control-
ler allowing a smooth transition between the operation modes, i.e. the
pure buck mode for high input voltages and the buck+boost mode for
low input voltages; and an effective and easy-to-realize active damp-
ing scheme and its influence on the input filter stability; and. In sec-
tion VI the controllers are designed and the control performance is
shown by measurements on a SkW prototype in section VIIL.
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Fig. 2: Operating areas of the buck+boost rectifier: in the buck operating mode the
modulation index M of the buck-type rectifier input stage is reduced with increasing
input voltage and the relative on-time 8 of the boost switch is equal to zero, while in
the buck+boost operating mode the modulation index M is set to M, = 0.9 and the

boost switch is activated according to (4).

II. BASIC OPERATING BEHAVIOR

The operating behavior of the system is already described in [1] in de-
tail, therefore it will be treated very briefly. Basically, there are two
operation modes. First, the buck operating mode, where only the
switching functions of the three transistors S; of the buck-type rectifier
input stage have to be controlled and the boost switch is turned off.
And, secondly, the buck+boost mode, where due to low mains volt-
ages and/or high reference output voltage the boost stage and/or boost
switch is controlled and the buck stage is operated in open-loop. The
maximum DC link voltage u,,, at the output of the buck-type rectifier
input stage is given by

3 2
tar =5 M 31O +UE1 5O+ 0) (1)
which corresponds for the case of symmetric mains to
3 .
Umax = 5 ’ Mmax ’ UC] . @)
The modulation index
I
M:TN:O o My 3)

is limited to M, = 0.9 in order to reserve some modulation margin

Mgy =0 ... 0.1 for active damping which will be discussed later in

section V. For an output voltage reference value Uy* being higher
than u,,,, the on-time of the boost converter has to be set according to

5= tmar 4
U, * 4)
Fig. 2 shows the dependency of the operating variables on the input
voltage for symmetric mains conditions. However, for asymmetric
mains, such as loss of one phase, the control structure presented in
section V has to be applied in order to maintain sinusoidal input cur-
rent shapes and the modulation index of the buck converter m and the
duty cycle of the boost converter J are then both changing during the
mains period.
For the forthcoming modeling and control design the following op-
erating parameters were considered:

Uy = 208V, ... 4807, Ly=1Ly, +L, =2mH
U, = 400V C, =750uF

Py =5kW C,; = 6.8uF

f = 28kHz L, =240uH

III. CONTROL-ORIENTATED CONVERTER MODELING

An equivalent DC-to-DC model of the three-phase AC-to-DC rectifier
has already been developed in [7] for the rectifier input stage, the
complete equivalent model is given in Fig. 3(a). The main idea of the
modeling is that for a DC side control the three-phase AC-to-DC
buck-type rectifier stage shows similar behavior as a DC-to-DC buck
converter with a suitable DC input voltage and appropriate values of
the passive filter components (cf. Fig.3(a)) [8]. The complete equiva-
lent input filter is shown in Fig.3(a), however, as Fig. 9 in [2] shows,
the cut-off frequency of the mains-sided filter stage lies about one
decade above the converter-sided filter stage, wherefore for the con-
trol-orientated modeling finally only the converter-sided filter stage
has to be considered.

For developing a small signal model of the converter showing ex-
actly the same dynamic behavior it is not sufficient only to consider
the voltage and current transfer ratios. The switching and conduction
losses of the rectifier provide considerable damping that can be mod-
eled by equivalent series and parallel resistors, as depicted in Fig. 3(b).
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Fig. 3: DC-DC model of the VRX-4 rectifier system with equivalent input parameters (a) and linearized small signal model of the converter for Uy ;.; = 230V s (M = 0.82)
containing damping elements such as the series resistor of the DC inductor and equivalent resistors modelling switching and conduction losses (b).



Since the controller design will be carried out for the buck operation
mode which is the critical case as will be shown later, the boost
switch is not considered here.

In order to ascertain the equivalent resistor values first the switch-
ing losses of the converter at the operating point of interest have to be
determined as it was done for the system at hand in [9]. The turn-on,
turn-off, reverse and forward recovery losses are dependent on the
switched voltage and the switched current according to the function
given by (1) in [9]. However, for deriving a linear model the function
has to be simplified to a linear dependency on the equivalent capacitor
voltage Uc, (cf. Fig. 3(a)) and the DC current /

Rywzk'UCl']' (5)
The losses occurring in the equivalent resistors R, , and Ry, (cf. Fig.
3(b) are given by
2

RYM’ = & + 12 : RSM’,S N (6)
SW,p
By taking the derivative of (5) and (6)
2.
2 _(p,)=k-1=2a, ™)
a(]Cl Rxw,p
d
—(P,)=k-U=2-1-R,, . 8
a] ( W ) C1 SW, S ( )
the values of the resistors can therefore be ascertained
2-U,
R = a 9
v = F ©
k-U
R,  =—"C. 10
s =% (10)

E.g. for Uy, =230V, and the operating parameters given in section
I (I =12.5A) and the losses calculation in [9] (k = 0.013) the equiva-
lent damping resistors Ry, = 5.9kQ and R,,,; = 260mQ are derived.
The separation into a parallel and a series resistor represents a separa-
tion into a purely voltage dependent and a purely current dependent
part of the switching losses. It should be noted that an equivalent
model with a series resistor at the input side and a parallel resistor on
the DC side would also be possible. This would, however, lead to re-
sistor values that are then dependent on the actual modulation index.
The conduction losses of the IGBTs (Ucgy, rcg), module diodes
(Urpm» "pu), the freewheeling diode (Urpr, rpr) and the boost diode
(Urps, ¥pp) can be modeled by a total forward voltage drop Ur, which
is not influencing the dynamics of the system but is altering the oper-
ating point
Up=M ‘(ZUCE,O +4Ur py +UF,DB)+(1—M)‘(UF,DF +Uppg), (11

without damping resistors Rp, Ry, Ry

Simulation of single-phase equivalent circuit
with damping resistors Rp, Ry, Royp
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Fig. 4: Response of the output voltage for a stepwise change of the modulation in-
dex (M = 0.82 — 0.84) in open-loop operation for the three-phase system and the
single-phase equivalent DC-DC circuit with and without consideration of the
switching and conduction losses in the model.

and a total forward resistance Ry
Rp =M (2105 +4rpy +1pp )+ (L=M) - (rpp +7pg) . (12)

Together with the series resistance R;, of the DC inductor L, =
Ly,+Ly. the damping provided by the equivalent resistors R, Ry,,, and
R, precisely corresponds with the damping appearing in the real
system, which is verified in Fig. 4 for a small signal step response of
the output voltage for open loop operation of the system'. In contrary,
without consideration of switching and conduction losses in the
model the damping is considerably lower.

However, the waveforms in Fig. 4 are mainly dominated by the
output filter dynamics of the output filter (the oscillation frequency in
Fig. 4 corresponds with the output filter resonance frequency) where-
fore the equivalent model of the input parameters can not be verified
directly by this test.

Hence, additionally a step of the input voltage for impressed output
current was simulated. As can be seen in Fig. 5 the time behavior of
the local averaged value of the DC link voltage u at the freewheeling
diode Dy perfectly coincides with the time response of the equivalent
linearized single phase model for a small-signal step of the input volt-
age. Both the overshoot amplitude and the resonance frequency are
matching accurately, what from it can be concluded that the modeling
of the rectifier is successful.

IV. CRITICAL OPERATING POINT

The system is operating in two operation modes, namely: the pure
buck mode, where the control variable is the duty cycle of the buck-
type input part of the converter; and the buck+boost mode, where the
duty cycle of the buck part is set to a constant value and the on-time
of the boost transistor is the control variable (cf. section II).

As will be explained in section V one common controller for both
operating modes is utilized, therefore the critical operating condition
for the plant that is seen by the controller has to be identified. The
controllers will then be designed for this worst case condition.

For both operation modes the plant that is seen by the inner current
loop controller mainly shows integral behavior with a conjugated
complex pole-pair and a conjugated complex zero-pair. These ze-
ros/poles that are originating from the first section of the input filter
basically define the stability of the inner loop, while the output filter,
due to the significantly lower resonance frequency and the slow out-
put voltage controller, has no influence. Therefore, the identification
of the critical operating point can be restricted to an analysis of the
dominant zero-pole combination.
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Fig. 5: Simulated response of the DC link voltage u at the freewheeling diode Dr
for a stepwise change of the amplitude of the input voltage (AU = 10V) and for con-
stantly impressed output current / =12.5A in open-loop operation for the three-
phase system and the single-phase equivalent DC-DC circuit.

! The 100Hz component that can be observed in the hardware measurement is origi-
nating from small asymmetries in the hardware setup but is not caused by a reso-
nance in the system.
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of the input filter.
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In Fig. 6 the root locus diagram is shown for several operating con-
ditions. It can be seen that for higher output power the system is less
stable than for low output power’. The position of the poles of the
open loop system are not changed while the zeros move towards the
right half plane. Also with decreasing input voltage (higher modula-
tion index M) the stability margin decreases. The worst case condition
in the buck operating mode is therefore full power P, = SkW and

minimum voltage U, = 363V, at the border of the buck+boost mode.

If the input voltage is further lowered the control variable then be-
comes the duty cycle of the boost transistor and therefore the plant is
changed. From Fig. 6 it can be seen that the system is always stable in
this operating mode and that the dynamics are not influenced by the
output power.

This fact can be explained if we derive the open loop transfer func-
tions of the two operation modes.

In the first step, only a single stage input filter without passive
damping is considered and the output voltage is assumed to be con-
stant. Then, the open-loop transfer function for the buck operation is
equal to
M* I,

Cl UO A
s+ M? ~ﬁ+s2Llcl)
L()

(1+5%L,C,

i
Gpp(s)=—=—L
Buck() m Lo

(13)

2 Here, a minimum load of 10% was chosen in order to maintain continuous mode
operation

It can be seen that in (13) a zero in the right half plane occurs due
to the negative s-coefficient in the numerator. If the passive damping
of the filter is added, the zero will move towards the left and poten-
tially enter the left half plane for decreasing loads (/, in (13)) and in-
creasing input voltages (decreasing M in (13)), as already described
above for Fig. 5.

For the buck+boost operating mode it can be shown that the nega-
tive s-coefficient in the numerator disappears, therefore also the de-
pendency of the position on the load and the input voltage:
i U, 1+5%L,C,

GBoost (S) = 3 - L
0

; (14)
s(l+M?* - 2Ly SL,C))
Ly
Hence, the converter always has higher stability in the buck+boost

operation mode compared to the pure buck operation mode.

Based on these considerations, for the forthcoming controller de-
sign the before-mentioned operating point (P, = 5kW, M = 0.9) is
considered.

V. CONTROL STRUCTURE

In Fig. 7 the basic control structure of the buck-type rectifier is de-
picted. A slow outer control loop regulates the output voltage to a
constant reference voltage U,* and sets the reference value for the fast
inner DC current loop. A feedforward of the load current (cf. section
V.A) decreases the variation of the output voltage in case of sudden
load changes. A current shaping circuit which will be discussed in
section V.B provides sinusoidal input currents also in case of asym-
metric mains phase conditions such as phase loss or short-circuit be-
tween two phases. The output of the inner current controller u;* has a
precontrol of the rate-limited reference output voltage U, * in order
to improve the large-signal behaviour of the controller in case of a
start-up. The output of the current controller is the required inductor
voltage so that the DC current follows the reference current and is
used for the calculation of the relative on-times of the transistors of
the buck input part as well as the boost output part (cf. section V.C).
An active damping scheme (cf. section V.D) is additionally employed
in order to damp the resonance of the input filter.

A. Load Current Feedforward

A load current feedforward scheme is added to the output of the out-
put voltage controller, which can be viewed as the reference capacitor
current ic*. This gives a direct reference step for the underlying DC
current control loop and enables an immediate change of the relative
on-times of the power transistors for sudden steps of the load current.
Hence, the reference value for the underlying current control loop is
changed instantly without causing significant involvement of the
(very slow) outer voltage loop. The effect of this disturbance feedfor-
ward method is proved experimentally in section VII. However, it is
necessary to include the dynamics of the feedforward in the design of
the output voltage controller as it is done in section VI.



B. DC Current Shaping

For a constant output voltage reference value, a slow output voltage
controller and no variation of the load the current reference value ip*
(cf. Fig. 7) will be a constant value according to the power demand of
the load. However, for asymmetric mains conditions the power that
can be drawn from the mains is varying over the mains periods if si-
nusoidal input currents shall be maintained. Hence, accordingly the
current reference then has to be changed [10],[11].
The average power demand of the output voltage controller is cal-
culated by
P*=Uy-ij,. (15)
For achieving sinusoidal mains currents in phase with the input volt-
ages the three phases of the converter must show resistive behavior,
i.e. the rectifier inputs look from the mains side as three resistors with
resistance and/or conductance values
G*= L — irec .
R* ug
being constant over one mains period. The conductance values can be
calculated by summation of the average power drawn from the three
phases

P Ucir Z.G*_‘_ Ucis Z.G*_‘_ Uer 2~G*=
V2 NG V2
_ UCZ“I,R +Uél,S +U(2“1,T )
2
where the peak values of the phase voltages have to be detected by a
peak detection circuit. The instantaneous power at the input of the

rectifier has to equal the instantaneous power at the output side of the
rectifier

(16)

)

G*,

(2 2 2 . %
p= (”Cl,R Tucs+ ”Cl,T) G =g, 17, (18)

where uy ;, is the reference output voltage, that is limited to the maxi-
mum instantaneous DC link voltage u,,,, (1)

*
u(),lim = UO fOV UO S Upax (19)
u(),lim = umax fOF UO > umax
Using (18) the reference current can be calculated:
2 2 2
Ugy p g g TU
pe teLr THas THaLT oy (20)

U im
As stated before, for the case of asymmetric mains conditions the DC
link current is then shaped by the inner controller according to the
power demand with double mains frequency. The peak values can
then potentially exceed the maximum allowable current values /,,,.

Therefore, the current reference value i* has to be limited to /,,,,, or —
if the sinusoidal shape of the mains currents has to be maintained also
in this case — i * has to be re-scaled according to

* *
. _oex .
Lscal =1 fOV lpeak < Imax
. I . , e2))
- _ 7% Zmax -
Lscal =1 ok fOV lpeak > Imax
lpeak

where i *,,mk is the peak value of i * during a half mains period.

C. Common Current Controller for Smooth Transition between Op-
eration Modes

In order to prevent oscillations at the boundary between the pure buck
operation mode and the buck+boost operation mode a common con-
troller is employed (cf. Fig. 7). The output of the current controller is
then utilized for the calculation of the relative on-times of the buck-
type input part as well as for the boost output stage.

If different controller types and/or gains would be employed the
boundary between the operation modes would have to be detected ac-
curately and without any time delay in order to switch exactly be-
tween the two control modes and to enable a smooth transition. Since
measurements in reality contain noise and/or delay times the robust-
ness of the control is significantly improved with a common control-
ler.

For the case that the reference voltage u* is lower than the maxi-
mum output voltage of the buck input part u,,, the duty cycle of the
boost transistor is set to zero and the relative on-times of the three
buck transistors are derived by

1 u *
== ‘MCI,i . (22)
ZMCI,i
If u* exceeds u,,, the on-times of the buck transistors are set to
,u
8'= ZZH; : ‘MCI,i (23)
Cli
and additionally the boost converter has to be turned on
u*—u
5Boost = *max . (24)
Uy

The smooth transition between these two operation modes will be
verified experimentally in section VIL.

D. Active Damping of the Input Filter

An active damping method that has been analyzed for the equivalent
DC-to-DC buck converter and for a one-stage input filter without pas-
sive damping in [7] is applied and designed here for the three-phase
system with the two-stage EMI input filter shown in Fig.1. Due to the

2 /I
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Fig. 8: Complete control structure enabling sinusoidal input currents under unbalanced mains conditions including hysteresis type output voltage controller, a feed-

forward of the load current and active damping of the input filter.
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input filter characteristic the filter can possibly be excited by harmon-
ics contained in the feeding mains voltages mainly at the resonance
frequency of the first filter stage (L;-C;) at fies1 = 3.4kHz (for L, ins =
50uH). For providing active damping, the resonant part of the filter
capacitor voltages are fed back to the control system and band-pass
filtered around f ~ fes,1. As the control block diagram in Fig. 7 of [7]
shows, this method works like a damping resistor that is only valid for
frequencies above fg. The gain of this feedback has to be selected
very carefully, since the amount of damping has substantial impact on
the stability of the system. Compared to other active damping meth-
ods this technique does not require any additional measurements such
as mains voltages or filter inductor voltages [12] that are usually not
available and is not only restricted to oscillations originating from the
rectifier itself [13].

In the design step the considerations are limited to one phase due to
the equivalent DC-to-DC model resulting in a change of the duty cy-
cle by
(25)

However, for a three phase system resonances normally cause ringing
in the amplitude and phase of the capacitor voltage space vector,
hence the relative on-times of the switches of all phases have to be
adapted to

pa— Al
mo=m'+ my,,.

6=6'+5

oy I =RST (26)

Due to phase symmetry it is sufficient to calculate only two damping
coefficients

5R,damp = D(S) “Ucrr

6S,damp = D(S) 'uCI,S (27)
and derive the third one by
1 damp = (O damp + G5 damp) - (28)
For the design of the active damping filtering function
mdamp
D(s)=——"—=k-F(s) (29)

Ucy

the filter type F(s) and the active damping factor £ have to be selected.

An important requirement for the filter is the sufficient suppression of
the fundamental component of the filter capacitor voltage uc; 5o in

order not to introduce an additional 50Hz component to the duty cycle.

Here, a digital Bessel high-pass filter of third order with a cut-off fre-
quency of 1kHz and an attenuation of -78dB at SOHz was selected. It
can be shown that due to the characteristic shape of the Bessel filter it
less manipulates the phase of the open loop inner control path com-
pared to other filter structures such as Chebyshev, Cauer or Butter-
worth filters. Since the digital high-pass filter is only working until
the switching frequency it performs the required band-pass filtering
function.

Ucy

kps /Uy G(s)

Fig. 10: Block diagram of the inner current control loop.

The damping effect can be observed in the transfer functions that
are plotted in Fig. 9 for different 4-factors. Obviously, the resonant
peak at the resonance frequency is lowered with increasing damping
factors. However, the damping should not be chosen too high. One
reason is the loss of phase margin and/or decrease of bandwidth of the
inner current control loop. Secondly, the amplitudes of the damping
coefficients (13),(14) should not exceed considerably the reserved

modulation space of (&, 4,,,,| < 0.1 for practical cases of mains volt-

age disturbances. With this, the damping factor of £ = 0.002 is se-
lected as a good compromise.

The effect of the active damping scheme will be proved by experi-
mental measurements in section VII.

VI. CONTROLLER DESIGN

Based on the small-signal model derived in section II the appropriate
controllers for the inner current loop and the outer voltage loop have
to be selected for the critical operating point.

A. Inner DC Current Control Loop

Once that a model of the system is found and verified (cf. section III)
and the critical operating condition is identified (cf. section 1V), the
control structure is decided and the active damping function D(s) is
determined (cf. section V) the ultimate task is the controller design,
where all of the before-mentioned issues have to be considered. A
control oriented block diagram for the inner control loop is depicted
in Fig. 10.
The bode diagram in Fig. 11 shows, that a purely proportional con-
troller
Ki(s)=kp, (30)

is sufficient due to the integral behaviour of the plant below the input
filter resonance frequency”.
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Fig. 11: Open loop bode diagram of the inner DC current control loop without con-
troller and with the selected controller (kp;= 15 [V/A]).

3 Due to the low dynamics of the outer output voltage control loop the output volt-
age can be regarded as constant for the inner loop.



The selection of the appropriate controller gain is naturally a trade-
off between dynamics and stability. For the case at hand, a gain of
kp; =15 [V/A] 31)

was selected.

B. Outer Output Voltage Control Loop

For the design of the output voltage controller the whole dynamics of
the plant including the load current feedforwarding (cf. section V) and
the closed inner control loop (cf. section VI.A) have to be considered.
Generally, the bandwidth and therefore the gain of the output volt-
age loop has to be much lower than twice the mains frequency in or-
der to suppress the 100Hz component of the output voltage for a
mains phase failure and keep the reference power P* and the refer-
ence conductance G* constant over one mains period. For achieving a
bandwidth of fzw = 1Hz and a sufficient phase margin for ensuring an
overshoot-free step response (¢, > 70°) a purely integral controller
with
kyy = 0.43[A . rad/(Vs)] (32)

is selected. The bode diagram of the plants with and without the volt-
age controller is shown in Fig. 12.

For the loss of one phase, which represents the worst case, the ca-
pacitor voltage ripple (peak-to-peak value) according to

&;:53V .

2aC
0 0
would cause with this controller (32) a reference power ripple (peak-
to-peak value) of

eU,p—p :Aup—p,IOOHz =< (33)

AP =e kliU
PP T UPTP o 2 100 Hz

which is less than 0.3% of the rated output power.

Uy =14.5W , (34)

VII. EXPERIMENTAL VERIFICATION

The proposed control structure has been implemented on a DSP board
and tested on a SkW hardware prototype of the system. In the follow-
ing, the features of the robust control scheme that were discussed in
section V will be verified by measurement results.
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Fig. 12: Open loop bode diagram of the outer output voltage control without con-
troller and with the selected controller (k; = 0.43Arad/(Vs)).

First, in order to show the robustness of the control to load varia-
tions a load step from half load to full load was performed. The wave-
forms in Fig. 13 prove that the DC link current and therefore also the
mains currents immediately change their amplitude due to the load
current feedforward (cf. section V.A), while the output voltage re-
mains on a constant level.
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Fig. 13: Voltage and current waveforms for a sudden load step (2.76kW — 5.52kW)
(voltage scale: 100V/div, current scale: 5A/div, time scale: Sms/div).

Fig. 14: Experimental results
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Fig. 15: Filter capacitor voltage waveforms ucyr (local averaged values) for a
sudden step of the mains voltage amplitude Uy of 70V (voltage scale: 20V/div,
time scale: 200pus/div).

For a loss of one mains phase the measurement results are shown in
Fig. 14. It can be seen that the two remaining phases maintain with
sinusoidal input currents in phase with the input voltages, while the
DC link current then also has sinusoidal shape due to the DC current
shaping circuit (cf. section V.B) and the output voltage shows a
100Hz ripple. For the phase loss as well as the re-connection of the
phase the new peak values of the filter capacitor voltages are detected
after a quarter mains period and therefore the power reference and the
current reference for the underlying control loop are adapted without
affecting the output voltage significantly.

In Fig. 15 the effect of the active damping technique (presented in
section V.C) is shown. The reaction of the input filter capacitor volt-
age uc; g was observed for a sudden step of the mains voltage ampli-
tude appearing at the moment of the maximum value of u¢; . Appar-
ently, the active damping scheme exhibits a great improvement in the
time behavior of the capacitor voltage. While the amplitude of the
overshoot can not be reduced notably with this measure, the input fil-
ter capacitor voltage shows a well-damped time behavior compared to
the operation without active damping scheme.

Last, the smooth transition between buck mode and buck+boost
mode due to the common current controller (cf. section V.D) is illus-
trated in Fig. 16. Due to a sudden change of the voltage reference u,*
from a value below the maximum buck rectifier output voltage u,,,, to
a value uy* > u,,,, the converter has to perform a transition from pure
buck mode (m = 0.65, 8 = 0) to buck+boost mode (m = 0.9, & = 0.1).
According to the proposed control scheme at the boundary between
theses two operation modes the modulation index m of the buck recti-
fier input stage is simply limited to its maximum value (m = 0.9) and
the output of the current controller is used then for controlling the
duty cycle of the boost converter. Since the controller was designed
for the critical operating point of the system (cf. section IV) stable op-
eration is ensured in both control modes and the transition between
the modes is performed in the predicted smooth way.

VIII.

The control of the VRX-4 (Voltage Range Extended 4-Switch Recti-
fier) was investigated in this paper. With the proposed robust control
scheme the output voltage can be kept constant (U, =400V) and sinu-
soidal input currents are guaranteed for a wide input voltage range
(Un,1 = 208V...480V), for extensive load variations as well as heav-
ily unbalanced mains conditions such as loss of one phase or short-
circuit between two phases.

In the course of the control design a detailed modelling of the sys-
tem was undertaken, where it was found that the damping effect of
switching and conduction losses of the converter has to be considered
in the model. Since the system has to operate in two dynamically dif-
ferent control modes due to the wide input voltage range, the worst

CONCLUSIONS
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Fig. 16: Time behavior of the modulation index m of the buck-type rectifier input
stage and the duty cycle o of the boost output stage for a step-wise change of the
voltage reference uy* from pure buck operation (m = 0.65, § = 0) to buck+boost
operation (m = 0.9, 8 = 0.1). Duty cycle scales (m, §): 0.1/div, time scale:
200ms/div).

case operating condition was identified and a common controller for
both operation modes was utilized in order to achieve a smooth transi-
tion between the two modes. Furthermore, an active damping scheme
for additional damping of the input filter resonance was designed.

All theoretical considerations could be verified by experimental re-
sults on a hardware prototype of the system. With the proposed con-
trol scheme the topology is of high interest where a wide input volt-
age and/or wide output voltage range is required, e.g. for telecom
power supplies or future applications in the More Electric Aircraft
area.
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