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Sinusoidal Input Current Discontinuous Conduction
Mode Control of the VIENNA Rectifier

Michael Leibl, Member, IEEE, Johann W. Kolar, Fellow, IEEE, and Josef Deuringer

Abstract—During light load conditions unidirectional power fac-
tor correction rectifiers, such as the VIENNA rectifier, enter dis-
continuous conduction mode, causing the relationship between av-
erage half-bridge voltage and duty cycle to become nonlinear and
synchronously sampled current measurements not equaling the
switching period average. Combined, these measurement and ac-
tuation errors result in distorted input currents at light load if
no additional measures are taken. This work presents a control
scheme that leads to low total harmonic distortion of the input cur-
rents in discontinuous conduction mode without relying on current
measurements. The analytic expressions for the duty cycles and the
threshold between discontinuous and continuous conduction mode
are derived, the capability of supplying asymmetric loads is investi-
gated and the effect on the noise spectrum relevant for the electro-
magnetic interference filter design is studied. Measurements of ef-
ficiency, total harmonic distortion, and conducted electromagnetic
interference in discontinuous and continuous conduction mode are
obtained on a 65 kW prototype operating at 290 to 530 V line-
to-line RMS mains voltage range and supplying 800 V dc output
voltage. The prototype, which is optimized for pulse load applica-
tions, achieves a power density of 9.56 kW/dm3 (157 W/in3) and
97.2 % efficiency at full load using 650 V Si insulated gate bipolar
transistor (IGBTs) with 28 kHz switching frequency.

Index Terms—AC-DC converter, discontinuous conduction
mode, light load, pulse load, three-phase rectifier.

I. INTRODUCTION

M EDICAL X-ray system power supplies have to provide
high dc voltages of up to 150 kV to the X-ray tube.

Most of the power is dissipated as heat within the anode of the
vacuum tube and only ≈ 1% of the power is actually emitted
as Bremsstrahlung, which is used for diagnostic and also for
therapy purposes [1]. Since the vacuum tube only provides lim-
ited heat transfer to the ambient, the average power that can be
supplied to the tube is given by the maximum temperature of the
anode and its thermal resistance to the ambient and it typically
amounts to less than 1 kW. The peak power, however, is only lim-
ited by the internal thermal resistance of the anode, which is typ-
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ically a composite of tungsten and copper or molybdenum [2].
Therefore, it can be considerably higher reaching values up to
100 kW. The duration of such a full power pulse is limited by the
total amount of energy, which can be stored in the thermal ca-
pacitance of the anode at its maximum temperature, thus usually
full load pulses are limited to less than 10 s.

Therefore, power supplies of X-ray systems can be designed
to take advantage of the relatively low average power. Also,
due to the low amount of full load operating hours the primary
objective is to reach lowest material cost instead of highest ef-
ficiency, while maintaining high reliability despite the thermal
cycling [3]. For this reasons nowadays X-ray power supplies are
using passive diode rectifiers supplying a dc voltage, which is
depending on the mains voltage. In order to deal with 400 and
480 V mains voltages with 10% over- and 20% under-voltage
tolerances, high-voltage generators connected to passive rec-
tifiers, therefore, have to be able to cope with a wide input
voltage range, while also providing a wide output voltage range
of typically 100 to 150 kV at full power, limiting the over-
all system performance. Furthermore, six pulse diode rectifiers
exhibit considerable harmonic current emissions, which may
require additional low-frequency harmonic filtering depending
on the utility grid regulations [4].

To relieve the stress on the high-voltage generator and to
increase the input current quality an active rectifier shall be op-
timized for a given pulsed load scenario of 65 kW peak power
for up to 10 s with 1 kW average power. Because only uni-
directional power flow is required, the three-level three-phase
rectifier often referred to as VIENNA rectifier (VR), is well
suited since it provides stable dc-link voltage and sinusoidal in-
put currents. Compared to the two-level six-switch rectifier [5],
the power semiconductors only need to block half of the dc-link
voltage, which can be as low as the line-to-line peak voltage.
Therefore, low switching loss 650 V insulated gate bipolar tran-
sistor (IGBTs) in combination with low reverse recovery charge
650 V free-wheeling diodes can be employed, which match the
low-cost, high-reliability design target. Due to the three-level
topology, also the maximum voltage time product applied to the
boost inductors is only half of the one of a two-level topology.
Different circuit variants of the VR exist including the original
three switch solution [6] and the T-type variant [7], however,
the neutral point clamped (NPC) structure as shown in Fig. 1 is
chosen since it includes only two semiconductors in the com-
mutation loop, both subjected to only half the dc-link voltage
and only two semiconductors in the current path of each phase.
Additionally to the six free-wheeling diodes of the boost stages,
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Fig. 1. VR NPC circuit topology. The currents in the boost inductors are
guided through three of the six mains frequency commutated rectifier diodes into
three of the six boost stages. By controlling the duty cycles of the boost stages the
currents are closed loop controlled. Due to the split dc-link all semiconductors
are subjected to only half the dc-link voltage.

six rectifier diodes only commutating with mains frequency are
used, which can be slow but in turn provide low forward voltage
drop. As an option thyristors can be used instead of the rectifier
diodes, allowing to include dc-link charging capability [8].

Inductive components show a strong tradeoff between power
density and efficiency, i.e., between material cost and electricity
cost. Therefore, a total cost of ownership (TCO) optimization
[9] is carried out to determine the optimum size of the filter
inductors. Due to the high-peak low-average load scenario, the
number of full load operating hours is typically low, resulting in
low material cost and extremely high power density of the filter
inductors. Material temperature limits are not exceeded because
of the low average power. Also, with high power density, the loss
densities in core and winding of the boost inductors are high,
and therefore, the high frequency (HF) flux density amplitude
is high. Assuming that the air gap is set such that the peak flux
density does not exceed the saturation flux density with some
margin, high HF flux density results in relatively high current
ripple of Δ i

i ≈ 25% for the considered system.
Unidirectional converter systems such as the VR exhibit a

discontinuous conduction mode (DCM) at light load, i.e., when
the input current local average is less than the ripple amplitude.
In Fig. 2(a), the inductor current and its local average are shown
for 65 kW load, the relative current ripple is in the range of
25% in this case. At 6.5 kW, which is considered light load, the
absolute inductor ripple is still the same but the relative peak-
to-peak inductor current ripple is already > 200% as shown in
Fig. 2(b). Therefore, DCM occurs and the current measurement,
which relies on synchronous sampling becomes inaccurate and
the relationship between duty cycle of the switch and average
half bridge voltage is changed. As a result, the local average of
the current waveform is no longer sinusoidal. Solutions to this
problem for single-phase rectifiers exist [10], however, they can
not be directly applied to the VR due to the coupling of the three
phases.

Two control schemes to operate the VR in DCM are already
known. In the first control scheme [11], all switches are turned

Fig. 2. Simulated current in one of the boost inductors of the VR and its local
average with 400 V RMS line-to-line input voltage, 800 V dc output voltage,
50 µH boost inductance per phase, 28 kHz switching frequency, and 65 kW
output power. (a) Reducing the power to 6.5 kW. (b) Results in a distorted shape
of the local average due to DCM.

ON and OFF at the same time (single-switch rectifier control
scheme, [12]). The currents have approximately triangular shape
but their local average value is not varying sinusoidally. How-
ever, the control is simple because the duty cycle is directly
set by the output voltage controller and no current sensors are
required. Furthermore, the switch that carries the highest cur-
rent can be turned OFF a little earlier or later than the other two
switches. This allows us to actively balance the dc link voltages.

The second solution proposed in [13], extends the DCM con-
trol loop by an adaptive compensator. The currents in the boost
inductors are modeled by using an observer and compared to
the measured values. The error of the local average of each
current is then fed into a PI-controller, whose integral part is
inverted at each zero crossing of the according phase voltage.
This way the error voltage of each phase, which is the differ-
ence between the voltage set according to the duty cycle and
the actually applied voltage because of current discontinuity,
can be compensated. However, after a load step the controller
takes considerable time, approximately 10 ms, to adapt to the
new error voltages. Furthermore, the control scheme relies on
current measurements during DCM control, which are not as
easy to obtain as in continuous conduction mode (CCM), since
the time when the instantaneous value of the current equals its
local average is not known in advance. However, it offers the
advantage that no change between different control schemes
occurs throughout the whole power range.

This work, which is based on [14], presents a control scheme
that prevents this kind of input current distortion based on the
exact analytic solution for the duty cycles of the VR in DCM. In
Section II, the solution for setting the duty cycles in DCM for
sinusoidal currents is derived, the capability of balancing the
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Fig. 3. Boost inductor currents during one switching period in DCM with
synchronously operated switches while ua > 0 > ub > uc (a) and space vector
representation of the same situation (b).

dc-link voltages and supplying asymmetric loads (unequal
power drawn from the partial output voltages up and un ) is in-
vestigated, the threshold to CCM is derived and the effect on the
conducted electromagnetic interference (EMI) noise emission
is studied. In Section III, experiments on a hardware prototype
are presented that confirm the feasibility of the approach includ-
ing control performance during load steps and efficiency, total
harmonic distortion (THD) and EMI measurements.

II. ANALYSIS

Aiming for a better understanding of the behavior of the VR
in DCM space vector representations for voltages and currents
can be used [12]. With a = exp(j 2π

3 ) the mains voltages are
transformed into the space vector

u = uα + juβ =
2
3
(ua + aub + a2uc) (1)

the rectifier input voltages into the space vector

ur = urα + jurβ =
2
3
(uram + aurbm + a2urcm) (2)

and the boost inductor currents into the space vector

i = iα + jiβ =
2
3
(ia + aib + a2ic). (3)

For the following considerations a switching period at a mains
voltage angle of ϕ = 10◦ of a symmetric three-phase system
with ua = û cos(ϕ), ub = û cos(ϕ − 2π

3 ), uc = û cos(ϕ − 4π
3 )

is considered. The values of the mains voltages, which are as-
sumed to be constant during the switching period, therefore,
satisfy the condition ua > 0 > ub > uc . It is also assumed that
at the beginning of the switching period Ts = 1

fs
, the boost

inductor currents are zero.

A. Synchronous Switching DCM

One option, to control the VR in DCM, is to operate all
switches synchronously, i.e., to turn them ON and OFF at the
same time setting the duty cycle such that the required power
is transferred into the dc-link. However, this operating principle
results in nonsinusoidal input currents as can be easily shown by
using space vector representation. After turning ON all switches
at t = 0, each current is rising at a rate proportional to its ac-
cording phase voltage as shown in interval 1 in Fig. 3(a). The

Fig. 4. Simulated boost inductor current of one phase and its local average
value in DCM with synchronously operated switches. Operating condition and
parameters used for the simulation: û =

√
2· 230 V, Upn = 800 V, P = 13 kW,

fs = 28 kHz, L = 50 µH.

space vector representation of this interval shown in Fig. 3(b)
reveals that according to

di

dt
=

1
L

(u − ur) (4)

the current space vector is moving along the indicated trajectory
1 in the direction of the mains voltage space vector, since the

rectifier voltage space vector ur(111) is zero. After turning OFF

all switches at the same time, the phase currents commutate to
the free-wheeling diodes and thus during this interval 3 all
phase currents are decreasing. The voltage space vector applied
to the boost inductors now is the difference between the recti-
fier voltage space vector ur(000), which is applied during this
switching state and the mains voltage space vector. The boost
inductor current space vector, therefore, moves along the trajec-
tory 3 during this state. As soon as the phase current with the

smallest absolute value (ib ) reaches zero, state 4 is entered.
Now, the difference between the rectifier voltage space vector
3 projected to the line ib = 0 and the mains voltage space vec-

tor is applied to the boost inductors. The boost inductor current
space vector moves along the line ib = 0 until it reaches the ori-
gin where it remains until the end of the switching period. This
investigation shows that the local average of the boost induc-
tor current with synchronous switching is located somewhere
within the triangle 1 - 3 - 4 , which is aligned with the mains
voltage space vector with one side. Therefore, the local aver-
age of the boost inductor current space vector is generally not
in phase with the mains voltage space vector. Since the phase
shift between the mains voltage space vector and the local aver-
age of the boost inductor current space vector varies throughout
the mains period, taking positive and negative values, a nonsinu-
soidal shape of the input current is observed with synchronously
controlled switches. This is confirmed by the simulated wave-
form shown in Fig. 4.

B. Proposed Sinusoidal Current DCM Pattern A

In order to achieve sinusoidal input currents, the phase shift
between the local average of the boost inductor current space
vector and the mains voltage has to be constant throughout the
mains period. Achieving zero phase shift, i.e., resistive mains
behavior, is intended in the following. For zero phase shift in the
considered example an additional voltage space vector has to be
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Fig. 5. Boost inductor currents during one switching period in DCM employ-

ing switching state 2A while ua > 0 > ub > uc . (a) Space vector represen-

tation of the same situation. (b) The duration of the switching state 2A is
chosen such that the phase shift between mains voltage space vector and boost
inductor current space vector is zero.

Fig. 6. Simulated boost inductor current of one phase, its local average value,
and the local average value of the midpoint current in DCM employing switching

state 2A to reach resistive mains behavior. Operating condition and parameters

used for the simulation: û =
√

2· 230 V, Upn = 800 V, P = 13 kW, fs =
28 kHz, L = 50 µH.

applied as shown in Fig. 5(b). Turning off the switch of phase c
earlier than the others, inserts the state 2A with the according
voltage space vector that shifts the boost inductor current space
vector into the appropriate direction to eliminate the phase shift
between mains voltage and boost inductor current. The phase
current waveforms during one switching period applying to this
situation are shown in Fig. 5(a) and it can be observed that during
state 2A the absolute value of the current of the phase with the
smallest absolute voltage increases. At the same time a current
im is injected into the dc-link midpoint with opposite sign as
the phase voltage with smallest absolute value. By adjusting the
duration of state 2A such that zero phase shift is maintained
throughout the mains period the simulated waveform of the
boost inductor current of one phase shown in Fig. 6 is obtained.
The local average of the boost inductor current is sinusoidal and
it can be observed that the local average of the midpoint current
varies with three times the mains frequency and contains no
dc-component.

C. Proposed Sinusoidal Current DCM Pattern B

Although when using the switching pattern described in
Section II-B, the generated midpoint current contains no dc-
component, it is desired to be able to provide a small dc mid-
point current to counteract asymmetric leakage currents or small
asymmetric loads connected to the output that would otherwise
cause unbalanced dc-link voltages. Using the switching state

Fig. 7. Boost inductor currents during one switching period in DCM employ-

ing switching state 2B while ua > 0 > ub > uc . (a) Space vector represen-

tation of the same situation. (b) Duration of the switching state 2B is chosen
such that the phase shift between mains voltage space vector and boost inductor
current space vector is zero.

Fig. 8. Simulated boost inductor current of one phase, its local average value,
and the local average value of the midpoint current in DCM employing switching

state 2B to reach resistive mains behavior. Operating condition and parameters

used for the simulation: û =
√

2· 230 V, Upn = 800 V, P = 13 kW, fs =
28 kHz, L = 50 µH.

010 in the aforementioned example as shown in Fig. 7 allows
exactly that. By leaving the switch of the phase with the smallest
absolute voltage turned ON longer than the two others, switch-
ing state 2B is inserted between states 1 and 3 . The space
vector diagram in Fig. 7(b) shows that this switching state also
allows us to achieve zero phase shift between mains voltage and
local average of the boost inductor current, if the duration of
the state is chosen correctly. The current waveforms during one
switching period [see Fig. 7(a)] reveal that the absolute value
of the current of the phase with the smallest absolute voltage is
also rising, as it is when state 2A is applied. However, since

the midpoint current during state 2B equals the current of
the phase with the smallest absolute value of the voltage the
direction of the midpoint current during state 2B is opposite

to its direction during state 2A . If the duration of state 2A
is chosen correctly to eliminate the phase shift between mains
voltage and boost inductor current throughout the mains period,
the local average of the boost inductor current is also sinusoidal
as shown in Fig. 8. By comparing Figs. 6 and 8, it is observed
that the local average of the midpoint current has opposite sign
in the two different switching patterns A and B.

D. Calculation of the Duty Cycles

In order to actually achieve sinusoidal currents by using the
switching patterns, described in Sections II-B and II-C, the
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TABLE I
SWITCHING STATES OF THE PROPOSED SINUSOIDAL CURRENT DCM CONTROL SCHEME, ASSUMING ua >0>ub >uc

durations of switching states 1 , 2A , and 2B have to be
set correctly, depending on the amount of power to be trans-
ferred, the values of the phase voltages, and the dc-link voltage.
As shown in the following the required expressions can be found
analytically. For each of the described five switching states, n
the equivalent circuit, the current change Δikn in each phase
mains k and the duration Tn are given in Table I. Using these
equations the local average values of the currents in the boost
inductors are calculated as

〈ik 〉 =
1
2

(Δik1T1 + (Δik1 + Δik2x)T2x + (Δik1 + Δik2x

+Δik3)T3 + (Δik1 + Δik2x + Δik3 + Δik4)T4) fs

(5)

with x being either A or B. In order to obtain sinusoidal input
currents, the rectifier has to act like a symmetric three-phase
resistive load concerning the local current average values 〈ik 〉.
Therefore, it is required that for each phase k the resistance
rk = uk

〈ik 〉 is the same, i.e., rk = r. Assuming
∑

k uk = 0 and
∑

k ik = 0, this condition is guaranteed if the resistances of two
phases are the same. Therefore, solving the equation

ua

〈ia〉 =
ub

〈ib〉 (6)

with the local average values of the currents inserted from (5),
yields the value of D2A or D2B (as defined in Table I) that is
necessary for resistive behavior, i.e., sinusoidal input currents
after filtering switching frequency components. The value of D1
follows by inserting the values D2A or D2B obtained from (6)

into any of the equations r = uk

〈ik 〉 for a required resistance r at
the mains side. In order to normalize the resistance r emulated
to the mains and the phase voltages, and in order to include the
30◦ symmetry of the three phase system

D0 =

√
fsL

r
(7)

mmax =
2 · max(|ua|, |ub|, |uc|)

Upn
(8)

mmin =
2 · min(|ua|, |ub|, |uc|)

Upn
(9)

are introduced. Using these expressions the duty cycles for
switching pattern B are obtained as

D1B = D0
√

2 − 2mmax + mmin (10)

D2B = D0
√

2 − 3mmin − D1B . (11)

The expressions for the duty cycles for pattern A are provided
in Appendix due to the complexity of the terms. Because of that
a realization of the control scheme in hardware is only possible
by using look-up tables of the relative duty cycles d1A = D1 A

D0
,

d2A = D2 A
D0

and d1B = D1 B
D0

, d2B = D2 B
D0

. With the modulation

index M = 2û
Up n

the relative duty cycles are shown in Fig. 9. It
is observed, that the functions are smooth and continuous, and
therefore, well suited for implementation using look-up tables.
It is observed that for high values of the modulation index,
the duty cycle functions (18,19,10,11) result in negative values.
Numerical investigations show that all duty cycle values are
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Fig. 9. Relative duty cycles dk = D k
D 0

for resistive behavior of the VR in
DCM for switching patterns A and B as function of modulation index and
mains angle.

valid for modulation indices up to M ≤ 1.12, which is slightly
less than the maximum modulation index of Mmax,ccm = 2√

3
≈

1.15 that the rectifier could theoretically be operated with in
CCM [15]. However, also in CCM this modulation index can
not be reached since a small voltage reserve is necessary to
maintain current control.

E. DCM/CCM Threshold

Since the rectifier is operating at constant switching fre-
quency, the total time T for all states is limited to

T = T1 + T2x + T3 + T4 <
1
fs

. (12)

According to (7) the duration of each state is proportional to 1√
r

.
Therefore, the resistance, which can be emulated for the mains
in DCM is limited. This resistance value marks the threshold
between CCM and DCM operation. By solving (12), the mini-
mum resistance which can be emulated for the mains during a
switching period with pattern B is obtained as

rmin,B =
4fsL

2 + mmin − 2mmax
(13)

with the switching frequency fs , the boost inductance L, and
mmax and mmin as defined in (9) and (8). It is possible to find an
analytic expression for rmin,A for pattern A using symbolic math
software, however, the result is too complicated to be shown
here. Instead, it shall be mentioned that numerical investigations
reveal that

rmin,A < 1.1rmin,B . (14)

However, one is usually only interested in the minimum resis-
tance, which is achievable with both patterns A and B throughout

Fig. 10. Minimum resistance that can be emulated for the mains throughout
the whole mains period using the DCM patterns A or B related to the base
R0 = fsL.

the whole mains period at a certain modulation index M . The
exact value

Rmin(M) = max
ϕ∈[0◦,30◦]

(rmin,A(M,ϕ), rmin,B(M,ϕ)) (15)

is shown in Fig. 10. It can be approximated with less than 1%
error as

Rmin(M) ≈ 4fsL

2 −√
3M

. (16)

Therefore, the maximum power that can be transferred by using
both patterns A and B throughout the whole mains period, is
estimated with less than 1% error as

Pmax ≈ 3û2

4fsL

(

1 −
√

3û

Upn

)

(17)

with the mains phase voltage amplitude û, the switching fre-
quency fs , the boost inductance L, and the dc-link voltage Upn .
The minimum resistance, which is achievable in DCM marks the
threshold for the phase current controllers to switch to DCM. To
avoid that the controller constantly switches between CCM and
DCM a hysteresis has to be implemented, so that DCM is only
entered if the voltage controller requires a resistance of, e.g.,
2Rmin , and CCM is only re-entered if the required resistance
drops below Rmin . Using such a hysteresis for the selection of
the current control mode requires that the operating ranges for
DCM and CCM are overlapping. That is, actually the case since
at the value R = Rmin the current ripple in DCM is approxi-
mately twice as high than it is in CCM. Therefore, operation
in CCM with satisfactory input current quality is possible for
emulated mains resistance values up to 2Rmin .

F. DC-Link Balancing and Midpoint Current Limit

Since the direction of the current injected into the dc-link
midpoint (midpoint current im ) differs between switching pat-
terns A and B, the ratio between the two dc-link voltages can
be controlled by selecting the appropriate switching pattern.
For equal voltage sharing between the two parts of the dc-link,
bang–bang control can be used with the rule for selecting the
switching pattern as specified in Table II. Applying this con-
trol in an idealized circuit simulation results in a boost inductor
current waveform as shown in Fig. 11(a). By comparing the
shape of the current ripple with Figs. 6 and 8, the continuous
alternation of the switching pattern can be observed. Also, the
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TABLE II
DC-LINK VOLTAGE BALANCING CONTROL RULE

up > un up < un

max(ua , ub , u c ) + min(ua , ub , u c ) > 0 Pattern A Pattern B
max(ua , ub , u c ) + min(ua , ub , u c ) < 0 Pattern B Pattern A

Fig. 11. Simulated boost inductor current, its local average value and the low-
pass filtered midpoint current with output voltage balancing control and sym-
metric loading of the two dc-links. (a) With maximum permissible asymmetric
loading (more load on negative dc-link). (b) Operating condition and parame-
ters used for the simulation: û =

√
2· 230 V, Upn = 800 V, fs = 28 kHz, L =

50 µH, P = Pp + Pn with Pp = Pn = 6.5 kW in (a) and Pp = 5.6 kW and
Pn = 7.4 kW in (b).

(low-pass filtered) midpoint current is virtually eliminated. If
the two parts of the dc-link are loaded with slightly different
loads or if there are different parasitic leakage currents present,
the VR has to supply a steady-state average midpoint current
throughout the mains period Im . In CCM, the amount of mid-
point current that can be supplied is proportional to the phase
current amplitude and reduces with increasing modulation index
[16]. At a modulation index M = 1, approximately 45% of the
phase rms current amplitude can be supplied into the midpoint.
In DCM, the current, which can be supplied to the midpoint by
switching between patterns A and B is also limited. The maxi-
mum positive midpoint current is generated if state 2A is always
used, while the phase voltage with the smallest absolute value
is negative and state 2B is always used, while the phase voltage
with the smallest absolute value is positive. The boost induc-
tor current waveform for this situation is shown in Fig. 11(b).
An asymmetry in the shape between positive and negative half-
period of the boost inductor current can be observed but the
local average value is sinusoidal. The average value related to
the mains period of this maximum midpoint current can be found
only numerically. Using the RMS value of the phase current fun-
damental Ip for normalization, the maximum relative midpoint
current Im ,max,p.u. = Im , m a x

Ip
results, which is shown in Fig. 12

as a function of the modulation index M . It is observed that

Fig. 12. Maximum average midpoint current that can be supplied into the
midpoint of the dc-link relative to the phase current fundamental RMS value.

Fig. 13. Effect of proposed DCM dc-link balancing scheme, activated at t =
50 ms, with 30.4 Ω on the upper and 33.6 Ω on the lower dc-link after initial
operation using pattern B only.

the maximum midpoint current for typically used modulation
indices in the range of M ∈ [0.6, 1.1] amounts to at least 10%
of the phase current rms value. This is substantially less than
the value, which is possible in CCM (cf. [16]), but sufficient to
cover asymmetric leakage currents and to recover from a tran-
sient dc-link voltage unbalance. In the following either pattern
A or B is selected according to Table II, which is the proposed
control scheme of the VR in DCM with equal dc-link voltages.
A circuit simulation of the prototype constructed within this
work is used to demonstrate the functionality of the proposed
balancing scheme to maintain symmetric output voltages with
asymmetric load. The situation is shown in Fig. 13. At 400 V
mains voltage and 800 V dc-link voltage, the rectifier is loaded
with 30.4 Ω on the upper and 33.6 Ω on the lower dc-link (32 Ω
±5%). Initially, pattern B is applied constantly, i.e., the dc-link
balancing scheme is turned off. At t = 50 ms the balancing
scheme is activated, symmetrizing the output voltages within
≈ 100 ms with 2 × 2.3 mF dc-link capacitance. The shape of
the main currents is not affected during the transition, however,
the boost inductor current ripple shape changes slightly as soon
as the dc-link balancing control is activated.

G. Noise Emission

If the proposed DCM control scheme is used all switches
are turned ON at the same time, whereas in CCM operation the
switches of positive and negative boost stages are operated with
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Fig. 14. Simulated noise emission detected with a CISPR11 peak receiver for
the VR operating in CCM (blue) and in DCM (red) with 400V mains line-to-
line RMS input voltage and 800 V output voltage. The DM noise with peak
(PK) detection is shown in (a). It is observed that the DM noise in DCM at
switching frequency is higher than in CCM. However, the noise levels at higher
frequencies in DCM are the same or a little lower than in CCM. The CM noise
with PK detection is shown in (b). It is shown that the CM noise level in DCM
is lower than in CCM at all frequencies.

180◦ pulse width modulation (PWM) carrier phase shift. There-
fore, higher differential mode (DM) and lower common mode
(CM) conducted noise emission is expected. For the design of
the input filter the noise spectrum as measured with an EMI test
receiver is relevant. Therefore, for the comparison of the noise
levels in CCM and DCM, the DM and CM noise parts of the sim-
ulated rectifier input voltages are separately fed into a simulated
[17] peak detection test receiver according to CISPR11 [18]. The
switching frequency of the simulated circuit is set to 200 kHz
for this analysis such that the full PWM spectrum is evaluated
by the CISPR detector. The resistance that the rectifier applies
to the mains is set to the lowest value (Rmin ), which represents
the case of highest noise emission. Both switching patterns A
and B are used to balance the output voltage using bang–bang
control. The resulting noise spectra are shown in Fig. 14. It is
confirmed that in DCM the DM noise at switching frequency
is 7.4 dB higher than in CCM. At higher frequencies, however,
the DM noise levels in DCM and CCM are comparable. On the
other hand, the CM noise level in DCM is lower by 9.1 dB at
all frequencies compared to CCM. Therefore, if the switching
frequency is less than 150 kHz, which is the lowest frequency,
for which CISPR defines noise emission limits, the rectifier can
be operated in DCM using an EMI filter designed for CCM. If
the switching frequency exceeds the 150 kHz threshold, the DM
attenuation of the filter has to be increased by ≈ 7.4 dB.

III. EXPERIMENTS

The prototype constructed for the experiments is optimized
for the high peak, low average load scenario of an X-ray system

TABLE III
PROTOTYPE SPECIFICATIONS

Input voltage range 290–530 V
Output voltage 800 V
Output power 65 kW
Ambient temperature 45◦C

Fig. 15. 65 kW/28 kHz VR prototype used for the measurements to verify the
proposed DCM control scheme. (a) Inside view showing CM and DM inductors
of the two stage EMI filter (including the boost inductors) and semiconductors
mounted to the heat sink using aluminium PCBs (b) Width × length × height
= 33.6 cm × 37.4 cm × 5.4 cm (13.2 in × 14.7 in × 2.13 in), power density
� = 9.56 kW/dm3 (157 W/in3 ).

as described in Section I. The specifications of the system are
provided in Table III. The wide input voltage range is required
since the system shall be used with weak grids even at 20%
under voltage and with 10% over voltage with 400 or 480 V
nominal voltage. Although the application only requires the full
power for 10 s and only 1 kW continuously, for better compa-
rability the system is designed for full power continuous opera-
tion. Thus, for the actual application the semiconductor cooling
system could be much smaller. The inductor size, however, is
determined by a TCO optimization, which considers the loss
energy cost during the expected system life time of 20 years. In
order to allow sufficient cooling, the semiconductors are directly
soldered to aluminium core PCBs (insulated metal substrate),
which are mounted to the heat sinks as shown in Fig. 15(b). He-
lically wound rectangular conductor profile windings are used
for boost and filter inductors due to the excellent filling factor
and HF performance of this type of winding and also since they
allow efficient cooling. The inductors are connected by using
busbars in order to avoid that the input currents, which can
amount to up to 135 A RMS at the lowest input voltage, are
conducted through the PCB, which only carries the dc output
currents.

A. Switching Period Waveforms

The measured waveforms of boost inductor current and rec-
tifier input voltage for a mains voltage angle of 10◦ (from the
start of the 30◦ sector ua > 0 > ub > uc) at 4.8 kW with 400 V
line-to-line RMS input voltage and 800V dc output voltage are
shown in Fig. 16. The measurement shows a switching period of
pattern A followed by switching period with pattern B, the se-
lection of the switching pattern is performed by the DSP in order
to balance the output voltages according to Table II. In pattern
A phase c, the one with middle absolute voltage, is turned OFF
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Fig. 16. Measured waveforms of the boost inductor currents and the rectifier
input voltages with reference to the dc-link midpoint at the mains voltage sector
ua > 0 > ub > uc with 4.8 kW output power, 400 V line-to-line RMS input
voltage and 800 V dc output voltage.

Fig. 17. Measured trajectories of the boost inductor currents with pattern A
(a) and pattern B (b) displayed in α, β coordinates and the local average of
each trajectory 〈i〉 at the mains voltage sector ua > 0 > ub > uc with 4.8 kW
output power, 400 V line-to-line RMS input voltage and 800 V dc output voltage.

first, in pattern B phases a and c are turned OFF before phase
b, the one with minimum absolute value. During the current
zero interval ringing of the IGBT output capacitance with the
boost inductance is observed, which is initiated by the reverse
recovery current of the free-wheeling diode.

Displaying the measured data of the boost inductor currents
with switching pattern A in α, β coordinates results in the tra-
jectory shown in Fig. 17(a) and for pattern B in the trajectory
shown in Fig. 17(b). The switching state of each part of the
trajectory is indicated. During state 1 the boost inductor cur-
rent space vector moves from the origin into the direction of the
mains voltage space vector. As can be seen, the local average of
the measured boost inductor current space vector 〈i〉 is located
on this part of the trajectory, and therefore, has the same angle
as the mains voltage space vector indicating that the desired
resistive behavior is achieved.

Fig. 18. Measured waveforms of input voltage, boost inductor current and
mains current of one phase in DCM using both patterns A and B according
to Table II during a 100 ms load pulse with 13 kW output power (no load
otherwise) at 400 V mains voltage and 800 V output voltage.

The controller used is a TI TMS320f28335 DSP, which cal-
culates the duty cycles in DCM by using four look-up tables
created offline using the expressions (18), (19), (10), and (11)
evaluated for 12 values of mmax and seven values of mmin .
Bilinear interpolation is carried out on the DSP to reduce the
error when retrieving values from the look-up tables.

B. Load Step Response

Since the rectifier is intended to be used with a high voltage
generator for an X-ray tube, it is typically subjected to a pulsed
load with pulse durations ranging from 1 ms to 10 s at full power.
The controller is implemented in a cascaded structure. The outer
loop contains the dc-link voltage controller, which sets the resis-
tance to be emulated to the mains by the current controller, using
the output current measurement for feed-forward. In CCM, the
boost inductor currents are closed loop controlled using the in-
put voltage measurements for feed-forward, in DCM, however,
they are open loop controlled as described in Section II. A mea-
sured load pulse with 13 kW output power and 100 ms duration
at 400 V mains voltage with 800 V output voltage set value is
shown in Fig. 18. As can be seen, the rectifier is still operating in
DCM at this power level, although it is close to the threshold to
CCM since the input current is almost half the peak value of the
boost inductor current. At full power, the rectifier is operating
in CCM, the load pulse measured for this situation is shown
in Fig. 19. The output voltage shows under- and overshoot of
≈ 5% at the beginning, respectively, the end of the load pulse.
A negligible low-frequency output voltage ripple is observed
during the pulse caused by the nonconstant power flow result-
ing by the resistive behavior of the rectifier with not perfectly
sinusoidal mains voltages.

C. Input Current THD

With the applied control schemes, the input currents in DCM
and in CCM are ideally proportional to the phase voltages.
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Fig. 19. Measured waveforms of input voltage, boost inductor current, and
mains current of one phase in CCM during a 100 ms load pulse with 65 kW
output power (no load otherwise) at 400 V mains voltage and 800 V output
voltage.

Fig. 20. Measured mains current THD at nominal voltage (green: 400 V line-
to-line input voltage, 800 V output voltage) with 2.2 % voltage THD and at half
nominal voltage (blue: 200 V line-to-line input voltage, 400 V output voltage)
with 0.4 % voltage THD. Solid lines indicate measurements taken with closed
loop CCM current control, dashed lines with the proposed open loop DCM
current control.

Therefore, the input current THD is ideally the same as the
voltage THD. However, in CCM the THD increases if the load
is reduced due to two reasons. First, the DCM occurring at the
current zero crossings causes disturbances in the current control
loop due to inaccurate current measurements and the change in
duty cycle voltage relationship. Second, the necessary low-pass
filtering of the input voltage measurements leads to a difference
between the actual and the feed-forwarded input voltage, in
particular if the input voltage THD is high. This error in the
feed-forwarded input voltage acts as disturbance in the current
control loop. Both reasons combined lead to the increase in
current THD in CCM at light load. With a mains voltage THD
of 2.2 %, the measured input current THD is shown in Fig. 20.
At 400 V line-to-line RMS voltage, 800 V output voltage, and
66 kW load the input current THD amounts to 4.5 %. In order to
be able to use a linear three-phase ac power source that provides
0.4 % voltage THD but features only 20 kW output power, the

Fig. 21. Measured CISPR QP noise level at nominal voltages and a load of
20 kW in CCM and 5 kW in DCM. The measurements are conducted using an
additional 390 µH CM inductor at the mains side of the filter to compensate for
the loss of permeability of the nano-crystalline inductors at high frequencies not
considered during the filter design.

power is reduced to 1
4 of the rated value using 200 V line-to-

line RMS voltage and 400 V output voltage. Since the load
impedance remains unchanged, the relative current ripple is the
same as with full power and nominal voltages. In this case, with
16.5 kW load, which represents the full load condition, the input
current THD is reduced to 2.7 %.

At load levels of 15 kW or less, the rectifier can be operated
using the closed loop CCM current control or the proposed open
loop DCM control scheme (dashed line). The improvement of
the input current THD with the proposed control scheme is
significant, allowing to reduce the input current THD at nominal
voltages and 15 kW from 26.9 % to 6.5 % with 2.2 % input
voltage THD and with half the nominal voltages and 3.75 kW
load at 0.4 % voltage THD from 21% to 3.5 %.

At medium power levels the input current THD, however,
is still high owing to the synchronous sampling with twice the
switching frequency. In order to reduce the THD further without
increasing the value of the boost inductance or the switching
frequency would require changes to the hardware such as using
ADCs with higher sampling rates.

D. Conducted EMI Measurement

From the simulations discussed in Section II-G, it is expected
that the noise emission in DCM is lower than in CCM due to the
lower CM noise level. The measurements shown in Fig. 21 taken
at 5 kW in DCM and at 20 kW in CCM with nominal voltages
basically confirms this statement except for the frequency range
from 400 to 600 kHz. This is explained by the oscillation of
the output capacitance of the IGBTs with the boost inductance
in DCM as it is observed in Fig. 16, which is taking place at a
frequency of ≈ 500 kHz. The power level for CCM operation
had to be selected higher than the one for DCM operation to
make sure the converter actually operates fully in CCM and
no unwanted DCM as in Fig. 2 occurs. Except for the switch
dv
dt , the noise emission does not depend on the power level
in CCM. Initially, a two stage DM and CM filter has been
designed as shown in Fig. 22. However, because of the reduction
in permeability of the nano-crystalline cores for frequencies
higher than 100 kHz, which was not considered during the filter
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Fig. 22. Structure and component values of the two stage CM and DM EMI
filter of the prototype using a capacitive CM return path to the dc-link midpoint,
damping resistors not shown. The additional CM inductor at the mains side of
the filter is necessary to comply with CISPR Class A.

Fig. 23. Loss distribution at nominal voltages (400 V line-to-line RMS input
voltage, 800 V output voltage) for selected operating points.

design process, an additional toroidal CM inductor of 390 µH
had to be added at the mains side of the filter to comply with
CISPR Class A.

E. Loss Distribution and Efficiency

Operation of the VR with the proposed DCM scheme has
two major effects on the losses. First, turning on the switches
at the same time leads to a higher DM voltage component at
switching frequency and thus to a higher current ripple. The
helical windings used for the boost inductors suffer from a high
ac to dc resistance ratio at switching frequency, which amounts
to Ra c (28 kHz)

Rd c
≈ 38 according to a FEM simulation. While, this

is acceptable in CCM due to the low current ripple, the high
current ripple in DCM leads to a significant increase in winding
loss. This effect is observed in the calculated loss distribution
shown in Fig. 23 for the operating point at 13 kW, which is
shown for CCM and DCM operation. On the other hand in
CCM, the CM voltage component is higher. Because of the high
CM inductance virtually no CM current ripple is observed, but
the higher CM voltage causes higher core losses in the CM in-
ductor of the first filter stage than in DCM. The core losses in
the DM inductors are, however, higher in DCM than in CCM
due to the higher DM voltage component in DCM. Therefore, in
DCM, the core losses are kind of shifted from the CM inductor
of the first filter stage into the boost inductors and, according to
the calculations presented in Fig. 23, remain approximately the
same in total. The second effect on the losses in DCM concerns
the switching losses. Since the transistors are turned on at zero
current lower turn-on losses result compared to CCM. Since the
turn-on losses are higher than the turn-off losses with the IGBTs
[19] and the free-wheeling diodes [20] used, the total switching

Fig. 24. Measured efficiency in DCM and CCM compared to the calculated
values as function of the output power with nominal output voltage of 800 V.

Fig. 25. Thermal image of the prototype running at 10 kW in DCM with
nominal voltages. The hotspot is observed at the windings of the boost inductors
near the airgap due to the high DM current ripple. The CM inductor and the
heat sink temperatures are low.

losses in DCM are lower than in CCM as shown in Fig. 23. The
measured efficiency at nominal voltages depending on the load
is shown for CCM and DCM in Fig. 24 and compared to the cal-
culated values. The calculations are based on data sheet values
for forward voltage drop and switching losses of the semicon-
ductors, core loss data provided by the manufacturers adapted
for the actual flux density waveform using iGSE [21] and FEM
simulations of the windings for the ac/dc resistance ratio. With
CCM the measured efficiency fits the calculated value with less
than 0.3 % deviation at medium to high load reaching 97.2 % at
full load and a peak of 97.6 % at 24 kW. At low load the error
with CCM control is growing, which can be explained by the
partially occurring DCM in this region not covered by the loss
model. With the proposed open loop DCM control scheme the
measured efficiency is lower by up to 1.3 % due to the increased
current ripple. Temperature measurements are carried out using
a thermal camera. The first filter stage inductors temperatures
demonstrate the effect of high DM voltage with DCM control
and high CM voltage with CCM control. With 10 kW in DCM
the thermal image is shown in Fig. 25. Due to the high current
ripple the DM inductor windings heat up to 97◦C in the vicinity
of the airgap, which is relatively wide with 4.5 mm. The CM
inductor in this situation only heats up to 46◦C on the winding.
In CCM with 32 kW output power the picture changes as shown
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Fig. 26. Thermal image of the prototype running at 32 kW in CCM with
nominal voltages. The hotspot is moved to the core of the CM inductance, due
to the higher CM voltage amplitude in CCM.

in Fig. 26. As expected the higher CM voltage causes the CM
inductor core to heat up to 87◦C, due to the low current ripple
the temperature of the DM inductor winding drops to 61◦C even
though the load is higher than in the situation of Fig. 25. The
heatsink temperature at 32 kW is still low with 47◦C. However,
power levels higher than 40 kW could not be tested in continu-
ous operation since the PCB close to the dc terminals heats up
excessively.

IV. CONCLUSION

It has been shown that an open loop DCM current control
scheme for the VR exists that allows resistive mains behavior.
The expressions for the duty cycles can be derived analytically
and are suitable for hardware implementation using look-up
tables. Simulations and measurements show that a substantial
reduction of input current THD is possible at light load, which
for the prototype with ≈ 25% inductor current ripple at nomi-
nal load can be considered as less than 20% of nominal load.
Compared to conventional PI current control the proposed DCM
control scheme achieves a THD reduction from 20% to less than
5%. The proposed control scheme does not rely on current mea-
surements. Therefore, it is not necessary to resolve the actual lo-
cal average of the inductor current in DCM. Other than common
light load handling approaches, such as burst mode operation or
increasing the switching frequency at light load, the proposed
control scheme allows to operate continuously, therefore, with
minimum output voltage ripple, and due to the constant switch-
ing frequency the requirements for the EMI filter are not affected
if the switching frequency is less than the CISPR threshold of
150 kHz. If the switching frequency is higher, 7.4 dB more
DM attenuation is required. Balancing of the output voltages
is possible with the proposed control scheme by selecting the
appropriate one of two redundant switching patterns and for typ-
ical modulation indices a dc current of 10% of the phase current
RMS value can be delivered to the dc-link midpoint. The higher
current ripple of the proposed control scheme leads to higher HF
winding losses in the inductors of the first filter stage. However,
zero current turn-on reduces the switching losses. The proposed
control scheme is implemented and verified on a 65 kW pro-
totype optimized for pulse load reaching 97.2 % efficiency at

nominal load and 9.56 kW/dm3 power density using only low
cost Si components with 28 kHz switching frequency.
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APPENDIX

For switching pattern A, the relative duty cycles are

D1A =
D0√

y
· ((9m2

min + 6mmin + 2)mmax

−(6mmin + 2)m2
max − 3m3

min − 4m2
min

)
(18)

and

D2A = D1A · (9m2
minmmax − 2m2

min −√
x

− 6mminm2
max + 4mmaxmmin − 3m3

min)

÷ (3m3
min − 9m2

minmmax + 4m2
min − 2mmax

+ 6mminm2
max − 6mmaxmmin + 2m2

max) (19)

with

x = (2mmax − 2 − mmin)mmin(3mmin − 2)

·(2mmax − mmin)(m2
max − m2

min) (20)

and

y = 3m5
min + m4

min(7 − 15mmax)

+m3
min(24m2

max − 23mmax + 2)

+m2
min(20m2

max − 8mmax − 12m3
max)
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x − 4m3
max + 6m2

max)
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√
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