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Abstract—The nine-switch single-stage three-phase AC-DC
isolated converter integrates a three-phase active front end (AFE)
AC-DC converter and a three-phase high frequency galvanic
isolated DC-DC converter in one stage, leading to a device-
count reduction of 25% compared to an equivalent two-stage
configuration. The advantage of the nine-switch converter can
be truly realized if it can achieve similar efficiency and input
current quality as a two-stage converter. In this paper a design
methodology is proposed which ensures zero-voltage switching
(ZVS) of the bottom and the middle switches of the nine-
switch converter for the entire line-cycle, and also reduces its
input current total harmonic distortion (THD) below 5%. By
implementing space vector pulse-width modulation (SVPWM)
the DC-link voltage of the nine-switch converter is reduced to
the level of an equivalent two-stage converter. The analytical
claims are verified with a 3 kW laboratory prototype operating
at 400V AC input, 800V DC-link voltage, and 380V isolated DC
output voltage.

Index Terms—back-to-back converter, loss computation, nine-
switch converter, single-stage converter, twelve-switch converter,
zero-voltage switching

I. INTRODUCTION

M IGRATION towards a DC based data center requires
generation of a regulated and isolated DC voltage of

380V (400V) [1]–[3] or 48V [4] from the AC mains. This is
usually achieved using an active front-end (AFE) power factor
corrected (PFC) AC-DC rectifier followed by an isolated DC-
DC converter, with a power decoupling DC-link between them.
A close-to-unity power factor and a less than 5% input current
total harmonic distortion (THD) are some of the common
specifications expected from such converters [5]. For 3kW or
more rated power, a three-phase AC-DC rectifier is typically
used for the PFC stage, while the DC-DC stage is often
interleaved. The interleaving of the DC-DC stage also reduces
the output ripple, and hence, the output filter size [6]–[8],
which is a major concern in high current applications like
data centers.

There have been many efforts [5], [9]–[14] to combine the
two stages of AC-DC isolated power conversion into a single
stage. However, in almost all the cases, these single-stage
AC-DC converters operate in discontinuous conduction mode
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(DCM) of the input current, which poses many design and
control challenges [10], [13]. Reference [15] proposed a novel
three-phase AC-DC isolated converter in this context, which,
despite being a single-stage topology, features continuous
conduction mode (CCM) of the input current. The converter
presented therein is based on a nine-switch bridge topology
[16]–[23], which is considered as a reduced-switch-count-
equivalent (25% reduction) of a twelve-switch two-stage back-
to-back (BTB) topology [22], [24] where the front stage is a
three-phase six-switch boost rectifier and the back stage is
a parallel combination of three half-bridge DC-DC isolated
converters. A unique three-carrier modulation technique is also
implemented in [15] which realizes the interleaved operation
of the DC-DC stage without affecting the PFC operation. The
integrated DC-DC stage comprises three asymmetrical pulse-
width modulated half-bridge (APWM HB) series resonant
converters [25], [26], which reduce the converter losses by
soft-switching, and make the design of the whole converter
relatively simple due to constant frequency operation (as
compared to frequency-controlled resonant converters).

However, the nine-switch single-stage three-phase AC-DC
isolated converter available in literature so far has the follow-
ing major drawbacks which need to be addressed.

1) The DC-link voltage of the converter is higher than
usual. In particular, the DC-link voltage of the nine-
switch converter presented in [15] has to be more
than 1000V for an AC input of 400V; whereas, for
a conventional AFE boost PFC rectifier, the DC-link
voltage is only about 800V [5]. While a higher-than-
1000V DC-link may be less of a problem with the
commercial availability of high-voltage rated (1200V
and 1700V) Silicon Carbide (SiC) MOSFETs, finding a
suitable energy storage capacitor can be an issue. Even
the series connection of two electrolytic capacitors rated
at 400V~500V is not enough in this case.

2) The bottom and the middle switches of the nine-switch
converter fail to achieve zero-voltage switching (ZVS)
over the entire line-cycle.

3) The THD of the input line currents is more than 5% even
at full-load condition. This is not acceptable in today’s
data center power systems, which require input current
THD below 5% in the load range of 50%~100% of the
rated capacity [5].

In essence, even though the nine-switch converter combines a
three-phase AFE rectifier and three DC-DC isolated convert-
ers in a single-stage, its previous designs could not deliver
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the key performance metrics, such as less than 5% current
THD, and ZVS of its switches to the maximum extent. To
address these issues, this paper revisits the design of the
nine-switch converter, and presents an improved nine-switch
AC-DC converter with high frequency three phase galvanic
isolation, which achieves full-range ZVS of the bottom and
the middle switches, and also reduces the input current THD
below 5%. Contrary to the claims in [15], [27], it is shown
in this work that, increasing the switching frequency is not
the only solution for reducing the line current THD; rather,
the ZVS of the bottom switch has a greater effect on it. By
implementing space vector pulse-width modulation (SVPWM)
the DC-link voltage of the converter is reduced to 800V for
an AC input of 400V.

Therefore, the contribution of this paper is two fold. Firstly,
it extends the soft switching range of the devices of the
nine-switch single-stage AC-DC converter leading to improved
efficiency. And secondly, it reduces the the input current THD
of the converter below 5% without increasing the switching
frequency. A comparison of performance and cost with the
existing works is also presented to highlight the advantages of
the proposed design.

II. TOPOLOGY AND BASIC OPERATION
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Fig. 1. The nine-switch single-stage three-phase AC-DC isolated converter
as proposed in [15].

The nine-switch single-stage three-phase AC-DC isolated
converter is shown in Fig. 1. This topology merges a “three-
phase AFE boost PFC rectifier”, and three parallel connected
“APWM half-bridge DC-DC resonant converters”, which are
sometimes referred to as the “upper converter” and the
“lower converter” respectively. The upper converter controls
the power factor by controlling the input currents in CCM
and maintains a constant DC-link voltage, while the lower con-
verter generates an isolated and regulated output DC voltage
from the DC-link voltage. The merging of the two converters is
facilitated by the sharing of the three middle switches between
them. This section presents the switching constraint arising
from this merger and a modulation scheme to overcome it.

A. Switching Constraint

There is a fundamental switching constraint in any nine-
switch converter [16]–[23] because of the presence of three
switches in a leg – it is impossible to have the lower con-
verter pole-voltage vXN higher than the upper converter pole-
voltage vAN . To comply with this constraint, it is necessary

that the upper terminal modulation references RefA,B,C is
always higher than the lower terminal modulation references
RefX,Y,Z . This is illustrated in Fig. 2(a) where the references
are given appropriate DC-shifts so that RefA,B,C are placed
above RefX,Y,Z . The modulation references for the first leg of
the nine-switch converter of Fig. 1 can be defined as follows.{

RefA =MA sinωt+MOA

RefX = −MOX = 2D − 1
(1)

where, ω is the angular line frequency; MA, D are the
modulation indices of the upper and the lower converters
respectively; and MOA, MOX are the DC offsets given to the
modulation references. As a corollary to the above switching
constraint, the nine-switch converter must also satisfy the
following inequality, which leads to the higher-than-usual DC-
link voltage [16]–[23]:

MA +D 6 1. (2)

B. Modulation Scheme

Fig. 2(a) also depicts the three-carrier modulation used for
the proposed converter, where the carriers for the three legs
of the converter vcarr,[A,B,C] are 120o phase-shifted from
each other. This helps to realize the interleaved operation
of the DC-DC stage (lower converter) without affecting the
PFC operation of the upper converter. As a result, the high
frequency ripple in the final isolated DC output voltage Vo
is decreased by three times as compared to a single-carrier
modulation, reducing the required value of the output filter
capacitor Co for a given allowable ripple content in Vo.
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Fig. 2. Modulation technique of the converter. (a) Reference and carrier
signals for the three legs. Note the 120o phase difference of the carriers for
the three legs, and the DC-shifts of the signals RefA,B,C above the signals
RefX,Y,Z . (b) Gate pulse generation logic for the switches of the first leg of
the converter.

The PWM logic for generation of gate pulses for the three
switches of the first leg of the converter is shown in Fig. 2(b).
Two modulating waveforms RefA and RefX are compared
with a common sawtooth carrier to generate the gate pulses
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for the top switch (vg,A) and the bottom switch (vg,X ) respec-
tively, while the gate pulse for the middle switch (vg,AX ) is
obtained from the exclusive-OR (XOR) logic combination of
the top and bottom switch gate pulses

vg,AX = vg,A ⊕ vg,X . (3)

This is done to prevent short-circuit of the DC bus, while
conforming to the switching constraint mentioned previously.
The XOR operation also enables a time-multiplexed operation
of the middle switches to serve the upper converter and
the lower converter. For example, in Fig. 2(b), the middle
switch SAX is serving the lower converter as its top switch
(complementary of SX ) from t1 to t2, and it is serving
the upper converter as its bottom switch (complementary of
SA) from t2 to t3. Because of such time-multiplexing, the
upper converter and the lower converter are decoupled and
independent in a control sense [17], [20], [23].

III. SPACE VECTOR PULSE-WIDTH MODULATION

As shown in (2), because of the less-than-unity modulation
index for the PFC stage, the DC-link voltage of the nine-
switch converter is usually higher than the conventional AFE
boost PFC rectifier. SVPWM is a well-established technique
used to better utilize the DC-link voltage in a three-phase
rectifier/inverter system [28], [29], which has been extended
many times to the nine-switch converter as well [18], [19],
[30]. Because of the decoupled behavior of the upper converter
and the lower converter, two standard SVPWM blocks for the
upper and the lower converter, synchronized to each other, can
be implemented [30]. These will produce the gate pulses for
the top and the bottom switches; the gate pulse for the middle
switch can then be generated by the XOR of top and bottom
switch pulses in order to comply with the switching constraint
discussed earlier.

A similar approach has been followed for the converter
discussed here (Fig. 1). However, only one SVPWM block
is needed here as the lower converters are simple DC-DC
converters. To facilitate the implementation of the SVPWM
in a micro-controller, the sinusoidal references RefA,B,C have
to be generated from the time steps tA,B,0 given by the space
vector modulator. The mathematical operations required for
this are detailed in [31]. A simplified version of the overall
control architecture for the converter is shown in Fig. 3.
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Fig. 3. Simplified control architecture for the converter. Note that the
generation of RefA,B,C from tA,B,0 is detailed in [31].

The DC-link voltage (Vdc) of the converter with the imple-
mentation of SVPWM [28], [32] is given by

Vdc = 0.86× 2
√
2vs,rms√
3MA

= 0.86× Vdc,SPWM (4)

where Vdc,SPWM is the DC-link voltage with conventional
sinusoidal pulse-width modulation (SPWM). Therefore, the
DC-link voltage of the nine-switch converter could be brought
down to 800V (from 950V), which is close to a standard AFE
rectifier with an AC input of 400V.

IV. FULL-RANGE ZVS OF BOTTOM AND MIDDLE
SWITCHES

As discussed in the introduction, the bottom and the mid-
dle switches of the nine-switch converter should, by design,
always have ZVS turn-on. However, it has been shown in
[15] that these two switches undergo hard turn-on around the
positive peak region of the corresponding phase current. The
reason is the addition/cancellation of the two terminal currents
through the switches of the corresponding leg of the converter
as explained in Fig. 4.

If the positive peak of the phase current (IA) is greater than
the positive peak of the corresponding resonant tank current
(IX ) before the turn-on of the bottom switch, the difference
(IA − IX ) flows through the body diode of the top switch.
This leaves the output capacitance (Coss) of the bottom switch
charged, and therefore, it undergoes a hard turn-on. This is
shown in Fig. 4(a).

If the positive peak of the phase current (IA) is less than
the positive peak of the corresponding resonant tank current
(IX ) before the turn-on of the bottom switch, the difference
(IX − IA) flows through the body diode of the bottom switch
itself after discharging its output capacitance (Coss). Thus the
bottom switch achieves ZVS in this case as shown in Fig. 4(b).

A similar explanation can be made for the case of the middle
switch as well.

Therefore, the condition for ensuring ZVS of the bottom and
the middle switches of the nine-switch single-stage AC-DC
converter over the entire line-cycle is to have the the positive
peak of the resonant tank current greater than the peak of the
corresponding phase current. This can be achieved by proper
design of the converter parameters as proposed in the next
subsection.

A. Derivation of ZVS Condition

Assuming ideal zero-loss operation, the peak of the input
phase current IA of the nine-switch converter is similar to that
of a three-phase AFE boost rectifier, and is given by

IA =
√
2
V 2
o /RL√
3vs,rms

, (5)

where, Vo and RL are the output voltage and the load
resistance respectively. The input RMS voltage (line-to-line)
vs,rms is related to the DC-link voltage (Vdc) by

vs,rms =

√
3MAVdc

0.86× 2
√
2
. (6)
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Fig. 4. Explanation of ZVS condition for the bottom switches of the nine-
switch single-stage AC-DC converter.

Now, to have the minimum possible DC-link voltage in the
nine-switch converter [24], we need

MA = 1−D. (7)

Substituting (7) into (6), and then to (5), we have

IA =
0.86× 4V 2

o /RL
3(1−D)Vdc

(8)

Similarly, assuming negligible magnetizing current, the peak
of the resonant tank current IX is same as that of an APWM
HB series resonant converter [26], and is given by

IX = Vdc

√
Cr
Lr
, (9)

which can be further simplified as

IX =
π2V 2

o

3Q0RLVdc(1− cos 2πD)
. (10)

Here Q0 is the full-load quality factor of the resonant tank,
which is always chosen as π/2 for the APWM HB converter

with magnetizing current assisted ZVS [26]. Substituting
Q0 = π/2 into (10), we have

IX =
2πV 2

o /RL
3Vdc(1− cos 2πD)

. (11)

As explained before, for the bottom and the middle switches
to always achieve ZVS turn-on, we must have IX > IA.
Substituting from (8) and (11), we have

π(1−D) > 0.86× 2(1− cos 2πD). (12)

A MATLAB solution of (12) is obtained as 0 ≤ D ≤ 0.273
and 0.919 ≤ D ≤ 1 as shown in Fig. 5(a). It is obvious
that D ≥ 0.919 is not a practical choice. Therefore, it can be
concluded that the only condition necessary for achieving ZVS
turn-on of the bottom and the middle switches of the converter
is “D has to be chosen below 0.273”. Fig. 5(b) shows the
variation of IX and IA w.r.t. D for two different rated power
designs of the converter. It is further corroborated form Fig.
5(b) that, the condition D ≤ 0.273 holds true irrespective of
the rating of the converter.

(a) MATLAB solution of (12).

(b) Verification for different rated power design.

Fig. 5. Condition for ZVS of the bottom and the middle switches of the
nine-switch single-stage AC-DC converter over the entire line-cycle.

It should be noted that (11) is obtained with an assumption
of zero magnetizing current in the transformers. However,
in practice, for ZVS of its switches, this topology uses a
finite amount of magnetizing current, which flows in the same
direction as IX and increases its value above that calculated
from (11). It has been found that for D = 0.28, as used in
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this work, IX is still greater than IA (because of the added
magnetizing current) and the ZVS of the bottom and the
middle switches of the nine-switch single-stage three-phase
AC-DC isolated converter are ensured over the entire line-
cycle.

It may be noted that the choice of D = 0.28 limits the
control range of duty-cycle of the APWM half-bridge DC-DC
resonant converters, which form the “lower converter” part
of the proposed nine-switch converter. Therefore, their design
point has to be shifted to D = 0.28 (instead of the ideal case
of D = 0.5) to cover the entire range of load variation [26].

B. Effect of ZVS on Input Current Harmonic Distortion

The effect of dead-time on the harmonic distortion of
the pole voltage and current of an active full-bridge recti-
fier/inverter is a well-known phenomenon [33], [34]. Similarly,
the soft-switching of the switches of a leg during the dead-
time also determines the presence of some of the low-order
harmonics in the pole voltage and current.

As illustrated in Fig. 6, the ZVS turn-on of the bottom
switch affects the shape of the average of the upper pole
voltage (< vAN >) of the converter. During the positive half
of the phase-a input current, if both the top and the bottom
switches have ZVS turn-on, there is a gain in voltage for vAN
on its rising edge, which is offset by the equal voltage loss on
its falling edge, as shown in Fig. 6(a). Therefore there is no
distortion of the average pole voltage < vAN > in this case.

On the other hand, if the bottom switch misses ZVS for
some part of the positive half of the phase-a input current,
there is gain of voltage for vAN on both of its rising and
falling edge. This results in the distortion of the average pole
voltage < vAN > as shown in Fig. 6(b), which, in turn, distorts
the phase-a input current accordingly.

Therefore, achieving ZVS for the bottom and the middle
switches of the converter over the entire line-cycle not only
reduces its overall switching loss, but also helps in reducing
its input current THD without the need of increasing the
switching frequency. This has been verified with simulation
and experimental results in the coming sections.

As a summary of the discussion in this section, the soft-
switching regions over a line-cycle of the input current for the
converter are shown in Fig. 7. This will be used in the next
section for calculation of losses.

V. SIMULATION AND LOSS ANALYSIS

The operation of the converter with the proposed design
methodology was simulated in PLECS with the design param-
eters as listed in Table I. The reader is referred to [15], [26] for
a complete design procedure of all the other components of the
converter. This section highlights some of the key simulation
results and presents the estimation of losses in the different
components of the converter.

To demonstrate the effect of the lower converter duty ratio D
on the shaping of the input current, two separate simulations
were carried out – one with D < 0.3, and the other with
D > 0.3. Fig. 8 shows the phase-a input current for the two
cases, where the distortion can be noted near the positive peak
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Fig. 6. Illustration of effect of ZVS turn-on of the bottom switch on the
shape of average pole voltage < vAN >of the converter.
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Fig. 7. Soft-switching regions of the switches of one leg over a line-cycle
of the input current. Note that, unlike the previous works, the bottom and the
middle switches achieve ZVS over the entire line-cycle.

of the current for the case of D > 0.3. As explained in the
previous section, this distortion is due to the hard-switching
(turn-on) of the bottom switch. No such distortion is seen for
the case of D < 0.3, due to the ZVS of the bottom switch in
the entire line-cycle.

Fig. 9 shows the simulated demonstration of soft-switching
of the three switches of the first leg of the converter at different
instances of one line-cycle of the input phase-a current. This
is in complete agreement with Fig. 7 and the discussions in
the previous section.

Some of the important components used for building the
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TABLE I
DESIGN PARAMETERS OF THE CONVERTER

Parameter name Symbol Value

Rated power Po 3 kW
Input voltage (line-line, rms) vs,rms 400 V, 50 Hz
DC-link voltage Vdc 800 V
Output voltage Vo 380 V
Switching frequency fs 60 kHz
Load resistance RL 48 Ω
Input boost inductance Ls 2 mH
DC-link capacitance Cdc 0.33 mF
Output filter capacitance Co 0.48 mF
Upper converter duty ratio MA 0.7
Upper converter modulation offset MOA 0.3
Lower converter duty ratio D 0.28
Lower converter modulation offset MOX -0.44
Transformer turns ratio N 0.85
Resonant inductance Lr 354 µH
Resonant capacitance Cr 20 nF
Switch output capacitance Coss 51 pF
Deadtime td 300 ns
Transformer magnetizing inductance Lm 1.6 mH
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(b) With D = 0.35.

Fig. 8. Simulated waveform of phase-a current showing the effect of D on
the harmonic distortion of input current. Vertical axes are current magnitude
(A), and horizontal axes are time (s).

experimental prototype of the converter are listed in Table II.
The details of the inductors and transformers are presented
separately in Table III. The loss analysis presented in this
section uses data from these tables.

TABLE II
IMPORTANT COMPONENTS USED IN THE PROTOTYPE

Component name Part number

MOSFET C2M0080120D
Output Diode IDH05G120C5XKSA1
MOSFET driver ACPL-P343-500E
Resonant capacitor B32672L8103J000
Output capacitor B32774D4505K000, UPZ2G121MHD6
DC-link capacitor B32774D0205K000, ALC10A331DH550
Controller TMS320F28335

A. Switch Turn-on Loss

The switch currents of the first leg of the converter for
different switching intervals are listed in Table IV. It is also
important to note the instantaneous current values during
switch commutations as shown in Table V.

TABLE III
DETAILS OF MAGNETIC COMPONENTS USED IN THE PROTOTYPE

Component Details

Boost inductor core MP5812MPFC(2605SA1)
Boost inductor winding 120 turns of AWG14 copper wire

Transformer core PQ35/35-3C95
Primary winding 32 turns of 140/39 litz wire
Secondary winding (40+40) turns of 105/39 litz wire

Resonant inductor core PQ35/35-3C95
Resonant inductor winding 48 turns of 140/39 litz wire

TABLE IV
SWITCH CURRENTS OF THE CONVERTER

State (SA, SAX , SX ) → (0, 1, 1) (1, 0, 1) 1, 1, 0)

iSA 0 −iA −(iA − iX)
iSAX iA 0 iX
iSX (iA − iX) −iX 0

Based on Table V and Fig. 7, the average turn-on losses of
the switches can be obtained as follows, where tr is the rise-
time of the MOSFET. The other symbols carry their meanings
from Table I.

Pon,SA =
1

2π

∫ 2π

π

0.5fs(CossVdc
2 + Vdctr(−IA sin θ))dθ

(13)
Pon,SAX = Pon,SX = 0 (14)

B. Switch Turn-off Loss

Again, based on Table V and Fig. 7, the average turn-off
losses of the switches can be obtained as follows, where tf is
the rise-time of the MOSFET.

Poff,SA =
1

2π

∫ 2π

0

0.5Vdctffs(IX − IA sin θ)dθ (15)

Poff,SAX =
1

2π

∫ π

0

0.5VdctffsIA sin θdθ (16)

Poff,SX = 0.5VdctffsILm (17)

where ILm = NVo(0.5 − θ1/π)/(2fsLm) is the peak of the

magnetizing current and θ1 = tan−1

(
sin 2πD

1− cos 2πD

)
from

[26]. Again, the symbols carry their meanings from Table I.
Note that the middle switch SAX has zero-current switching
(ZCS) turn-off during the negative half of the phase-a current.

Equations (13) to (17) are clearly different from the previous
work because the ZVS regions of the switches have changed.

TABLE V
COMMUTATION CURRENTS OF THE SWITCHES OF THE CONVERTER

Switch Event Commutation Current

SA turn-on −iA
SA turn-off −(iA − IX)
SAX turn-on ILm

SAX turn-off iA
SX turn-on (iA − IX)
SX turn-off −ILm
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Fig. 9. Identification of soft-switching of the three switches of the first leg of the converter at different instances of the input phase-a current from PLECS
simulation. The variable θ is defined in Fig. 7. Vertical axes are current (A) and voltage (V) magnitude, and horizontal axes are time (s). Note that the gate
voltages are not to scale.

C. Switch Conduction Loss

The conduction loss of any switch can be calculated as
Irms

2RDS,ON , where Irms is the RMS current of the switch
and RDS,ON is its ON-state resistance. The expressions for
RMS currents of the switches of the converter are listed below
[22], [24]. The symbols carry their meanings from Table I.

ISA,rms = (0.5)

√
(1 +MOA)IA

2 + (1−MOX)IX
2 (18)

ISAX,rms = (0.5)

√
(1−MOA)IA

2 + (1−MOX)IX
2 (19)

ISX,rms = (0.5)

√
(1−MOA)IA

2 + (1 +MOX)IX
2 (20)

Fig. 10 shows the breakdown of the losses in the switches
of one leg of the converter at its rated power of 3 kW. Note
that the total losses in the MOSFETs amount to 1.4% of the
rated power in this case, whereas in [15] it was about 2% of
the rated power.

The expressions for all the other losses in the converters are
not shown here, as they are either straight forward or they can
be obtained from the datasheets. Fig. 11 shows the distribution
of power losses at different components of the converter at
its rated power of 3 kW. With a total loss of 144.23W, the
theoretical efficiency of the converter at full load is 95.2%.

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS

A laboratory prototype of the converter as shown in Fig. 12
was built and tested with the same design parameters listed in
Table I. This section discusses the results obtained from the
experiments.

Fig. 13 shows the main input and output voltage/current
waveforms of the converter at its rated power of 3 kW with
400V (line-to-line) three-phase AC input. A near-unity power
factor and a regulated 380V output DC voltage can be noted
from the figure.

To demonstrate balanced three-phase operation, Fig. 14
shows the three-phase input currents and phase-a voltage along
with the DC-link voltage and the output DC voltage of the
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Fig. 10. Losses in the switches of one leg of the converter at its rated power
of 3 kW. Because of the ZVS of bottom and middle switches over entire
line-cycle, the total loss in MOSFETs reduced to 1.4% of rated power, as
compared to 2% of rated power in the previous work.

converter. Fig. 15 shows the resonant tank currents or the
lower terminal currents, the frequency of which is same as
the switching frequency of 60 kHz. The interleaved operation
of the three DC-DC half-bridges are clearly depicted here by
the 120o phase shift of three resonant tank currents. Note that
the positive peak of the resonant tank currents in Fig. 15 are
greater than that of the phase currents in Figs. 13 and 14, a
requirement for full-range ZVS of the bottom and the middle
switches of the nine-switch converter, as discussed before.

Fig. 16 shows the ZVS turn-on of the three switches of
a leg of the converter near the peak of the corresponding
phase current (θ ≈ π/2) at full load operation. As discussed
before, θ ≈ π/2 is the most critical area where the bottom and
the middle switches might lose ZVS if the proposed design
is not followed. It can be seen in Fig. 16 that the bottom
switch achieves ZVS because the resonant tank current peak
is higher than the phase current before the turn-on of the
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Fig. 11. Distribution of power losses at different components of the converter
at its rated power of 3 kW.
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Fig. 12. Laboratory prototype of the nine-switch single-stage three-phase
AC-DC isolated converter for 3 kW rated power.

bottom switch. Similarly, the ZVS turn-on of the middle switch
is assisted by the small negative magnetizing current. The
experimental demonstration of the soft-switching in the other
regions of the line-cycle and at lower load operations has been
presented in [15], and therefore, are not repeated here. This
verifies the claim in Section IV that with the proposed design
methodology, the bottom and the middle switches of the nine-

Fig. 13. Key input-output waveforms of the converter showing unity power
factor operation at its rated power of 3 kW.

Fig. 14. Three-phase input currents and phase-a voltage along with the DC-
link voltage and the output DC voltage of the converter at full load operation.

Fig. 15. Resonant tank currents of the converter showing interleaved operation
of the DC-DC stages. Note that the frequency of the currents is same as the
switching frequency of 60 kHz.

switch single-stage AC-DC isolated converter achieve ZVS in
the entire line-cycle for all loading conditions.
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Fig. 16. Experimental demonstration of ZVS of the three switches in the
first leg of the converter near the positive peak of the phase-a input current
(θ ≈ π/2).

To evaluate the input current THD performance of the con-
verter, a fast fourier transform (FFT) analysis was performed
on the captured input current waveform in MATLAB. The
obtained harmonic profiles at full load and 50% load are
presented in Fig. 17, which shows that all the harmonic com-
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ponents are below the limits of IEC 61000-3-2 standard for
Class A type loads in both cases. The THD of the input current
in both full load and 50% load operations are well within
the 5% limit required for data center loads. This validates the
analytical claim presented in Section IV that, the input current
THD of the nine-switch converter can be reduced, without the
need of increasing the switching frequency, by ensuring ZVS
of the bottom and the middle switches in the entire line-cycle.
It may be noted here that the reported input current THD of the
nine-switch converter in [15] operating at the same switching
frequency of 60 kHz (as in this paper) is 6.12% at full load,
where the bottom and the middle switches do not have ZVS
at certain regions of the line-cycle.

(a) At full load.

(b) At 50% load.

Fig. 17. Input current harmonic profiles of the converter up to 40 harmonics.
Note that the corresponding THD values in the previous work were 6.12% at
full-load and 7.52% at 50% load.

Fig. 18 shows the measured efficiency of the converter for
different load power. The peak efficiency is noted as 95.4%.
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Fig. 18. Measured efficiency of the converter for different load power.

VII. PERFORMANCE COMPARISON

To highlight the effect of proper choice of D, a performance
comparison is needed for the two cases – with D < 0.3, and
with D > 0.3. However, the converter discussed here cannot
be compared directly with the one in [15] because the two
converters have different specifications (input voltage, output
voltage, DC-link voltage and rated power). To have a fair
comparison, it is important to obtain the results with the same
specifications for the two cases, as has been done in Table
VI. Evidently, both the cases with D < 0.3 (case2 and case4)
show better efficiency, lower current THD, and lower DC-link
voltage than their counterparts with D > 0.3 (case1 and case3
respectively).

Table VII shows a performance comparison of the proposed
converter with some recently published AC-DC isolated con-
verters with similar range of output voltage and power rating.
It is clear that the proposed converter is better than all the three
single-stage converters [5], [35], [36] in almost all respects –
efficiency, current THD, device count, and ZVS of MOSFETs.
The Taipei rectifier [5] has 0.79% lower current THD, but it
comes at the cost of a large variation in switching frequency
(18-300 kHz) which complicates the magnetics design. The
electromagnetic interference (EMI) filter and other magnetic
parts of the Taipei rectifier are to be designed for 18 kHz
(minimum) frequency that results in bigger foot prints of
these components. Similarly, lack of inherent ZVS, high peak
current related turn off loss, and use of resistor-capacitor-diode
(RCD) clamping circuits limit the frequency of operation of
the converter in [36] at 40 kHz, resulting in larger size of the
magnetic elements.

An equivalent two-stage twelve-switch back-to-back con-
verter is also considered in Table VII for performance com-
parison. While it has 1% greater efficiency and 0.31% less
current THD, the penalty is a 25% extra device count.

Table VIII shows the comparison of cost of the main
switching components required to implement the proposed
nine-switch converter vs. the equivalent twelve-switch back-
to-back converter. The MOSFETs are rated at a blocking
voltage of 1.5 times the DC-link voltage of the corresponding
converter (600 V for twelve-switch converter and 800 V for
nine-switch converter). The RMS currents of the switches in
a leg for the nine-switch converter are [4.0A, 3.2A, 4.0A],
and those of the switches in an equivalent leg for the twelve-
switch converter are [3.1A, 3.1A, 2.0A, 2.0A]. Therefore,
the continuous current rating of the MOSFETs are selected
around 10 A (which is the cheapest option available) for both
the converters. Clearly, even though the nine-switch converter
requires a costlier MOSFET, overall there is a possibility of
12.7% cost saving for the switches and drive electronics as
compared to the twelve-switch converter.

VIII. CONCLUSIONS

The interaction between the upper terminal current and the
lower terminal current affects the currents through the three
switches of a leg in a nine-switch converter. A proper under-
standing of this interaction is therefore crucial for harnessing
the best performance out of this converter. This paper has
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TABLE VI
COMPARISON WITH CASES HAVING D > 0.3

Case Converter specifications (vs, Vo, Po, fs) Design specifications DC-link voltage (Vdc) Current THD (full-load) Full-load efficiency Comment

Case1 [15] vs = 210 V, Vo = 48 V, Po = 1.5 kW, fs = 60 kHz MA = 0.6, D = 0.35 570 V 6.12% 93.4% (measured) SPWM
Case2 vs = 210 V, Vo = 48 V, Po = 1.5 kW, fs = 60 kHz MA = 0.7, D = 0.28 450 V 3.18% 94.5% (calculated) SVPWM

Case3 vs = 400 V, Vo = 380 V, Po = 3 kW, fs = 60 kHz MA = 0.6, D = 0.35 1100 V 7.63% 93.1% (calculated) SPWM
Case4 (This work) vs = 400 V, Vo = 380 V, Po = 3 kW, fs = 60 kHz MA = 0.7, D = 0.28 800 V 2.89% 94.8% (measured) SVPWM

TABLE VII
COMPARISON WITH EXISTING WORKS

Converter Rated
power (Po)

Input
voltage (vs)

Output
voltage (Vo)

Switching
frequency (fs)

Full-load
efficiency

Current THD
(full-load) Device count ZVS Comment

Taipei
Rectifier [5] 2.7 kW 180-264 V 200-300 V 18-300 kHz 94.4% 2.1% 4 MOSFETs,

10 diodes All MOSFETs

DCM, LC type output filter,
larger EMI filter due to higher
noise from high peak currents,
no interleaving present

Almeida
et al. [35] 5 kW 380 V 380 V 50 kHz 92.5% 3.2% 24 MOSFETs 12 MOSFETs full range,

12 MOSFETs half range

CCM, C type output filter,
smaller EMI filter size,
interleaved output stage

Gangavarapu
et al. [36] 2.0 kW 210 V 400 V 40 kHz 94.2% 4.87% 3 MOSFETs,

15 diodes None

DCM, LC type output filter,
larger EMI filter due to higher
noise from high peak currents
and hard switching,
no interleaving present

Twelve-switch
BTB (two-stage) 3 kW 400 V 380 V 60 kHz 95.8%

(calculated) 2.58% 12 MOSFETS,
6 diodes

9 MOSFETs full range,
3 MOSFETs half range

CCM, C type output filter,
smaller EMI filter size,
interleaved output stage

This work 3 kW 400 V 380 V 60 kHz 94.8% 2.89% 9 MOSFETS,
6 diodes

6 MOSFETs full range,
3 MOSFETs half range

CCM, C type output filter,
smaller EMI filter size,
interleaved output stage

TABLE VIII
COST COMPARISON OF NINE-SWITCH AND TWELVE-SWITCH CONVERTER

Component Nine-switch converter Twelve-switch converter
Part no. Part price (USD)* Line price (USD)* Part no. Part price (USD)* Line price (USD)*

MOSFET C2M0280120D (1200V rating) 5.41 48.72 C3M0280090D (900V rating) 3.46 41.50
Gate driver ACPL-P343-500E 1.77 15.94 ACPL-P343-500E 1.77 21.25
Isolated power supply MGJ2D121505SC 6.65 59.85 MGJ2D121505SC 6.65 79.80

Total 124.51 142.55

*10,000 quantity pricing from https://www.digikey.com/ on 29 Aug, 2019

shown how to ensure ZVS of the middle and the bottom
switches in a nine-switch single-stage three-phase AC-DC
isolated converter over the entire line-cycle, by proper choice
of its design parameters. The design also reduces the THD of
the input currents below 5%, a requirement for data center
loads fed from AC grid. The simulation and experimental
results show that with the proposed design the nine-switch
single-stage AC-DC isolated converter is able to achieve
similar efficiency and current quality as a conventional two-
stage back-to-back converter, in addition to achieving a lower
part-count.
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