This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2632717, IEEE

Transactions on Power Electronics

TPEL-Reg-2016-09-1838 1

Reduced Active Switch Front End Multi-Pulse
Rectifier with Medium Frequency Transformer
Isolation

José Juan Sandoval, Student Member, IEEE, Harish S. Krishnamoorthy, Member, IEEE,
Prasad N. Enjeti, Fellow, IEEE, and Sewan Choi, Senior Member, IEEE

Abstract— This paper presents a reduced switch count multi-
pulse rectifier with medium frequency (MF) transformer
isolation. The proposed topology consists of a 3-phase push-pull
based AC to DC rectifier with a MF AC link employing two
active switches. A 3-phase, S-limb, multi-winding MF
transformer is employed for isolation. The secondary side of the
transformer is connected in zig-zag configuration and is fed to
two 6-pulse diode rectifiers, achieving 12-pulse rectifier
operation. The primary advantage of the proposed system is
reduction in size/weight/volume compared to the conventional 60
Hz magnetic transformer isolation rectifier system. Operating the
transformer at 600 Hz is shown to result in three times reduction
in size. Furthermore, the proposed system employs only two
active semiconductor switching devices operating under a simple
pulse width modulation scheme. Also the zig-zag transformer
connection helps to balance leakage inductance on the secondary
side. Detailed analysis, simulation, and experimental results on a
208V,,, 3.15 kW laboratory prototype are presented to validate
the performance of the proposed approach.

Index Terms—medium frequency isolation, multi-pulse
rectifier, power density, three-phase AC-DC power conversion

I. INTRODUCTION

Multi—pulse rectifier systems are used in a wide variety of
applications in the industry [1, 2]. Both isolated and
non-isolated transformer configured multi-pulse rectifier
systems have been in use [3-6]. The primary advantage of
multi-pulse rectifier systems is high quality dc-output voltage
with simultaneous elimination of low frequency harmonic
currents at the input utility terminals. In particular, 12-pulse
and 18-pulse rectifier systems result in input current THD less
than 16%, thereby facilitating compliance with IEEE 519
harmonic current limits [7]. Nevertheless, much of these
systems employ low frequency (50/60 Hz) magnetics that
contribute to large size/weight/volume particularly in high
power applications.

Reduction in size and weight is achieved with the half-
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power transformer based 12-pulse rectifier system as
explained in [6]. In this approach, a line frequency transformer
processing half the power is employed and thus size remains a
concern. Furthermore, this system is not suitable in
applications requiring to step down or step up the voltage level
[6]. References [7-10] detail auto-transformer based multi-
pulse rectifier systems. Reduction in size and weight is
achieved due to reduced kVA rating of the auto-transformer
configuration. References [7] and [8] report auto-transformer
rectifier configurations with 0.18P, and 0.38P, ratings
respectively compared to the 1.03 P, rating of the conventional
12-pulse multi-winding transformer. However, these auto-
transformer configurations do not have galvanic isolation and
employ 60 Hz magnetics. Thus, the use of line frequency
magnetics continues to have a negative impact on the
size/weight of the rectifier system.

References [11-14] detail modular three-phase power factor
correction (PFC) AC to DC rectifier systems with high
frequency magnetics. Despite the improvement in input
current quality, these systems employ multiple power
conversions and employ a high number of semiconductor
devices. Furthermore, active PFC schemes require a
significant sensing effort and are complicated to control. Also,
EMI is a concern in these topologies due to their high
switching frequency operation.

In contrast, the proposed topology shown in Fig. 1 seeks to
improve over the existing 12-pulse AC to DC rectifier systems
(isolated and auto-connected) by reducing size/weight/volume
and improving the performance. The advantages of the
proposed system architecture are:

1.) The approach employs medium frequency (600Hz)
magnetics that is shown to improve power density by
reducing the size/weight of the system [15, 16].

2.) The approach employs only two active semiconductor
devices. This contributes to system simplicity and
reduced cost.

3.) The 5™ and 7™ harmonics are eliminated in the input
line current over a wide range of output voltage control
thereby resulting in reduction in input current THD.

4.) Output voltage can be controlled by varying the duty
cycle of the pulse width modulated signal.

5.) The system offers galvanic isolation between the input
and output thereby minimizing the interference and
contributing to safety.

6.) The approach is suitable for applications where power
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Fig. 1. Proposed 12-pulse AC-DC rectifier system with medium frequency transformer isolation employing two active switches. An example

adjustable speed drive system is shown at the output.

density, performance and simplicity in control are of
paramount importance.

7.) The secondary side of the MF transformer can be
configured to higher-pulse operation (i.e. 18-pulse, 24-
pulse) to further improve input current quality.

These benefits make the topology suitable for operation up
to 480V three-phase systems for powering loads up to 150
kW. The paper details the analysis and design of the proposed
multi-pulse rectifier system along with a design example.
Simulation and experimental results are discussed on a scale-
down laboratory prototype.

II. PROPOSED FRONT-END RECTIFIER WITH MEDIUM
FREQUENCY TRANSFORMER ISOLATION

The proposed system employing MF isolation with a
multi-winding transformer is shown in Fig. 1. The operation of
the proposed topology can be divided in the following stages:
(A) diode rectifiers with clamp circuit, (B) MF multi-winding
transformer, (C) 12-pulse diode rectifier, (D) modulation
scheme, and (E) input current analysis.

A. Diode Rectifiers with Clamp Circuit

This part of the system is composed of two 3-phase diode
rectifiers, each connected to a high voltage active switch
(S1/S;) and a clamp circuit, which consist of a capacitor and a
bleeding resistor. The 3-phase AC link across the transformer
windings is achieved by switching S; and S, complementarily
with 50% duty cycle as first described in [18] and as shown in
Fig. 2 (a), (b). The overall switching function for 50% duty
cycle is shown in Fig. 2 (c). The primary windings of the zig-
zag transformer can be divided into two sets that are 180°
phase shifted in magnetic coupling, namely windings (W,
Wyi, Wep) and windings (W, Wy, We). As shown in Fig. 1,
the center tap of each primary winding is connected to the
utility grid. In addition, the switching terminals of windings

(Wai, Wy, W) are connected to a diode rectifier whose
output is in turn connected to S;. Similarly, the switching
terminals of windings (W,, Wy, W) are connected to a
diode rectifier whose output is in turn connected to S,.

When S; is gated ON and S, is gated OFF, the switching
terminals of windings (W,;, Wy, W) are shorted through the
diode rectifier while the switching terminals of windings (W,
Wi, We) are open. In essence, the switching terminals of
windings (W,;, Wy, W) are shorted to the utility’s neutral
point. Therefore, at this instant, the line-to-neutral voltages
Van, Ven, and Vi, appear across windings W,;, Wy, and W,
respectively. The voltages across windings (W, Wy, W)
have opposite polarity compared to the voltages across
windings (W,;, Wy1, W) because they are 180° in magnetic
coupling. Meanwhile, the induced voltages on the secondary
side have the same polarity as the voltages across windings
(Wals Wbl; Wc1)~

When S, is gated OFF and S, is gated ON, the switching
terminals of windings (W,;, Wy, W) are open while the
switching terminals of windings (W, Wy, W) are shorted
and are at the same potential as the utility’s neutral point. At
this instant, the line-to-neutral voltages V,,, Vi, and Vi,
appear across windings W,,, Wy,, and W, respectively. The
induced voltages on the secondary side and the voltages across
windings (W,;, Wy1, W) have opposite polarity compared to
the utility grid line-to-neutral voltages. The voltage polarity
across each winding changes as S; and S, are switched.
Therefore, by switching S; and S, at MF a 3-phase AC link is
created.

The 3-phase AC link is simply a multiplication of the line-
to-neutral voltages with a square wave switching function.
Fig. 2(e) shows the mathematical AC voltage across winding
W.; when the system operates at 50% duty cycle. With a line-
to-neutral voltage as in (1) and a square wave switching
function described by (2), the resulting voltage across the
transformer winding W, can be expressed as in (3). It is
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evident that the frequency of the square wave switching
function determines the fundamental frequency of the AC link
created across the transformer windings. The voltages across
windings Wy, and W; have a similar expression as in (3) but
are 120° and 240° phase shifted respectively. The expression
at (3) is valid for 50% duty cycle operation.

Van = | iz sinl) n

stzi i lsin(naosq,t) @

7T p=13,5,. "1

a— P 5 Zanlbogrol) O

n=1,3,5,.. "7

When the switching terminals of windings (W,;, Wy1, W)
or (Wa, Wy,, W) are open, the clamp circuit provides a path
for the energy stored in the leakage inductance of the
windings. For example, when S, is OFF, the energy stored in
the leakage inductance of windings (W,, Wy, W) is
transferred to the capacitor which clamps to the highest line-
to-line voltage. Furthermore, in order to avoid overlap
(instances in which both S; and S, are ON) a dead time
between S; and S, is necessary. During this dead time the
clamp circuit also provides a path for the energy stored in the
leakage inductance of the windings. The energy stored in the
capacitor can be used to power a switch mode power supply
(SMPS). This SMPS can power gate drive circuitry.
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Fig. 2. (a) gating function for S;; (b) gating function for S,; (c)
overall system switching function; (d) V,, input line-to-neutral
voltage; (¢) Medium frequency AC link is the multiplication of S,
and V,, created by switching S; and S, complementarily with 50%
duty cycle.

B. Medium Frequency Multi-Winding Transformer

The switching frequency of S; and S, determines the
operating frequency of the transformer. The well-known trade-
off between power density and efficiency must be considered
when selecting the switching frequency. Operating at MF
(600 Hz -1000 Hz) enables the transformer to be reduced in
size and provides a good efficiency trade-off especially in high
power applications [15]. Increasing the switching frequency to
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the kHz range increases transformer core loss and switching
losses. Furthermore, operating in the kHz range increases the
input EMI and introduces the need for additional EMI filtering
at the input [8]. Thus, the transformer is designed to operate at
600 Hz.

Selection of the appropriate magnetic materials is also
critical to achieve high power density. For high power MF
applications, magnetic core materials such as ferrite,
amorphous, and silicon steel should be considered [19]. Due to
its high saturation flux density and relative low cost [20], a
silicon steel core material was selected to build the MF
transformer for the scaled down laboratory prototype. The
transformer can be built using three 1-phase multi-winding
transformers, or it can be a single 3-phase multi-winding
transformer. To achieve a more compact design, a single 5-
limb transformer is employed for isolation. The primary and
secondary windings are wound around the interior three limbs
of the transformer as depicted in Fig. 3. The exterior limbs can
carry any unbalanced flux in the transformer avoiding core
saturation [21].

Generally, in 12-pulse applications a star-delta winding
connection is used in the secondary side to generate a net 30°
phase difference. However, the leakage inductances of the
terminals feeding the diode bridge rectifiers are not equal
because the turns-ratio is different in the star-delta connected
windings. This issue leads to unequal current sharing between
the diode bridges [7]. To mitigate this problem, the secondary
side of the MF transformer in the proposed system is
connected in zig-zag. With zig-zag arrangement the leakage
inductances on the secondary side are balanced because the
turns-ratio of the windings per phase is the same.
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Fig. 3: Multi-winding 3-phase, 5-limb transformer.

The secondary windings are connected such that two sets
of 3-phase voltages with a net 30° phase difference are fed to
the 12-pulse diode rectifier. One set of 3-phase voltages is
displaced by +15° with respect to the primary windings, while
the second set of 3-phase voltages is displaced by -15° with
respect to the primary windings. A phasor diagram of the
primary side and secondary side voltages is shown in Fig. 4.
To accomplish a net 30° phase difference, the windings turn-
ratio must be set as defined by (4) and connected as shown in
Fig. 5.

ﬁ—lfﬁ—lf
Npi:Npy:Ng:Ngy:Nez: Nog=1:1: 22— [=. X2~ = (4)
Pl P2 S1 S2 S3 S4 Jg 3 \/g 3

The transformer’s turn-ratio can be obtained by performing
phasor operations. As shown in Fig. 4, the secondary side
output voltage V, is desired to have a unity magnitude with a
phase shift of +15° with respect to the primary line-to-neutral
voltage V,,. Such a phasor can be obtained by adding a
portion of phasor ¥, and a negative portion of phasor V},. The
magnitudes of the phasor V,, and V,, correspond to the turn-
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ratio of the windings and can be found by solving (5).
Breaking (5) into its real and imaginary components yields a
system of two equations and two unknowns and therefore the
magnitudes of V,, and V}, can be obtained. Similar phasor
operations can be performed to obtain the magnitudes of the
phasors giving a secondary side output voltage V,, with unity
magnitude and a phase shift of -15° with respect to the primary
line-to-neutral voltage. This zig-zag connection yields two set
of voltages (Vabs, Viess Veas) a0d (Vap, Vier, Vea) Which have a
30° phase shift with respect to each other.

Primary Side

Secondary Side

Fig. 4. Phasor diagram to obtain two sets of 3-phase voltages in the
secondary side with a net 30° phase shift.
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Fig. 5. Zig-zag connection of secondary windings. Interior limbs of
3-phase transformer, each limb has four secondary windings.
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The VA rating of the multi-winding MF transformer can be
calculated using the rms voltage and rms current of each
winding under the assumption that the output current Iy has
negligible ripple. The relation between the line-to-line rms
input voltage Vi and the output DC voltage is expressed as

Vac

b ©)
1352

The rms value of the current through the primary windings is
Lyap =1.11-1, 7)

The rms value of the current through the secondary windings
is
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2
I, = \/; 1;=0.816l, ®)
The rms value of the voltage across the primary windings is
Vir
V., ,=-LL _
wal \/g
The rms voltage across the windings with turns ratio Ng; is
V3-1 vy
NG
Similarly, the rms voltage across the windings with turns ratio
N. S2 is

0.577V;; =0.214V,, )

Vo = (10)

=0.17V;; =0.064V,,

2 Vi
3 V3

Then the sum total of the volt-ampere product of the MF
transformer is (12)

VAio; =6 1yyg1 - Vigal +6- [as(Vsl + VSZ): 6.96V 115 =258 ;.14

Vep = =0.47V;; =0.175V,, (11)

Thus, the equivalent VA rating of the MF transformer is

VA, =%VAM =129, =1.29P,

(13)

Although the VA rating of the proposed transformer
configuration is slightly higher than the conventional 12-pulse
isolation transformer (1.03P,), the proposed transformer
configuration does not carry the line frequency component.
Instead, the transformer operates at MF enabling a size
reduction.

C. 12-Pulse Diode Rectifier

Two sets of 3-phase voltages with a net 30° phase
difference are created with the zig-zag arrangement. Each set
is fed to a 6-pulse diode rectifier achieving 12-pulse
rectification. The operation of the bridge rectifiers is similar to
the conventional line frequency 12-pulse configuration. The
main difference is that the diodes should be able to switch at
the operating frequency. The DC link output voltage V4. of the
12-pulse diode rectifier is calculated by (6). The design of the
output inductor, L.y, and the output capacitor, C,y, is similar
to the conventional line frequency diode rectifier and depend
primarily on the requirements of the load.

D. Modulation Scheme

A major advantage of the proposed system is that no closed
loop control is required because the topology intends to
replicate the performance of a conventional line frequency
transformer. Therefore, no sensing is required in the proposed
scheme. If output voltage regulation is desired, the proposed
system can operate with simple variable duty cycle operation.
This would require sensing the output DC voltage. Operation
at 50% duty cycle provides the maximum MF AC link rms
voltage. At duty cycles less than 50%, zero states are
introduced in the MF AC link decreasing the overall output
DC voltage. If the duty cycle is increased beyond 50%, short
circuits occur across the transformer windings. Consequently,
the modulation becomes simple and robust in contrast to other
systems which employ complicated modulation strategies.

E. Input Current Analysis

By virtue of the net 30° phase shift created by the zig-zag
arrangement in the secondary side, the Sth, 7th, 17th, l9th, etc,
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harmonics are eliminated in the utility line currents.
Mathematical analysis is provided for the line current in phase
“a” through Fourier series and under the assumption of
negligible ripple in the output DC current I4. Ideally the input
current I, divides equally through the center tap windings W ;

and W,, and can be expressed as
(14)

The turns-ratio of the center-tap windings, Np; and Np,, are
the same. Thus, by VA balance the input current is expressed
as
NPI(Iwal +1wa2): Np1-1y=Ngilga+Nsolyso
+ Ns3lys3 + Ngalysa

1y =1y +1ya2

(15)

where Ng;, Ns,, Ng;, N, are the turns ratio of the secondary
windings associated with phase “a” and are determined by (4)
and (5). Similarly, 1, I, I3, and I, are the currents
flowing through the secondary windings associated with phase

a”; these currents can be expressed in terms of the currents
flowing through the output 6-pulse diode rectifiers as follows:

lu9 =—1sec1 B (16)
1452 =Isec1 4 a7
1453 =—1sec2_C (18)
Tysa =1Iseco 4 19)

Similarly, the currents flowing through the output 6-pulse
diode rectifiers can be expressed as:

Lgel 4= Sl[wr—%] Sy (20)
Lol B =Sl(a)t—%—2?ﬁ)st @1
Iycr 4= Sl(a)t + %) - So (22)
15602_C =S1[a)t+%+2%j-st (23)

The -15° and +15° phase shift is evident from (20) and (22)
respectively. Sy, corresponds to the switching function
described by (2) and S;(ot) corresponds to the quasi-square
wave nature of the current in 6-pulse rectifiers and is
expressed as:

Sy (cot) = i [ﬂ cos(%jj -sin(neot)

n=1,3,5,7\ 7T

24

Thus, the input current I, is determined by (25). The
switching function, S, is a square wave with duty cycle 0.5.
Thus, squaring this function yields a constant one. After
simplification I, is described by (26). From (26) it is observed
that harmonics 5%, 7", 17" and 19" are eliminated as in
conventional 12-pulse operation. This analysis demonstrates
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that the proposed front-end rectifier system with MF isolation
can be a retrofit replacement of bulky line frequency
transformers in conventional 12-pulse systems. The input
current performance is maintained while improving power
density with a reduced active switch count and simple
modulation scheme. The theoretical THD value of the input
current (16%) is the same as in the conventional 12-pulse
rectifier. To improve the current performance, an input passive
filter must be included as shown in Fig. 1. Since the line input
current in the proposed system has identical harmonic
spectrum as the line current in the conventional 12-pulse
rectifier, the requirements of the passive filter in terms of size
remain the same.

III. SIMULATION RESULTS

A 208 Vi, 10 kW design example is considered to
demonstrate the operation of the proposed front-end rectifier
system in Fig. 1. The parameters in Table I were used for
simulation in PSIM. The simulations were performed without
an input passive filter to compare with a conventional 12-pulse
rectifier. Adding a passive filter with L, = 1.7 mH (0.13 p.u)
and C;= 140 pF results in a line current with THD <5 % and a
system power factor >0.98.

TABLEI

OPERATING CONDITIONS FOR THE SYSTEM IN FIG. 1
Grid voltage (line-to-line rms) 208 V
Grid frequency 50 Hz
Rectifier output voltage 560 V.
Rated power 10 kW
Switching frequency (f;,,) 600 Hz
Output Inductor (L,,,) 2 mH
Output Capacitor (d,,_,) 200 pF

As stated in section II, a 3-phase MF AC link is created
across the transformer windings by switching S; and S,
complementarily. The 3-phase MF AC link can be observed in
Fig. 6(a), it is evident that the voltages across the windings
(Wa1, Wy, W) are displaced by 120° from each other. The
voltages across the windings (W, Wy,1, W) are also a set of
3-phase voltages with 120° phase shift; however they are
opposite in polarity with respect to the voltages across the first
set of windings. Fig. 6(b) shows the line-to-line voltages (V s,
V) Which feed the 12-pulse diode rectifier. The voltages are
30° phase shifted with respect to each other as in conventional
12-pulse operation. The input currents of the diode rectifiers
Lice1 a and Ly a in Fig. 6(c) also demonstrate the 30° phase
shift. The FFT of the voltage across winding W,; confirms
MF operation as shown in Fig. 7. The fundamental voltage
frequency occurs at 600+50 Hz; this enables the use of MF
transformers thereby reducing the weight/size of the system
[15]. The output DC voltage and the individual rectified

1, {\E{Sl(a}t —%) + Sl(a)t +%)} _%

NERS,
B T

Sl a)t—l—z—”
12 3

23

1, [sin(a)st)—ﬁ sin(l 1- a)st)—l—13 sin(13- a)st)+% sin(23- a)st)+% sin(ZS-wSt)+..] (26)
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voltages Vi, and V., are depicted in Fig. 8. The 30° phase
shift is also noticeable in the individual rectified voltages
ensuring 12-pulse operation.

Fig. 9(a) shows the input current for phase “a”; 12-pulse
operation can be observed in the input current. The 51mu1ated
THD is 16%. The FFT of the line current is shown in Fig. 9(b);
the dominant harmonics are 11" and 13™ as in conventional 12-
pulse configuration. This is in agreement with the input current
analysis and demonstrates that the proposed topology can be a
retrofit replacement of the bulky line frequency multi-winding
transformer in conventional 12-pulse systems.

113 7’

Viwat Vbt Vm 1 (a)

I%cl _A Isocz _A

20
10
0
-10
20

03 0.32

Time (s)
Fig. 6. (a) Transformer winding voltage due to 50% duty cycle
operation of S; and S, at 600 Hz. Note the voltages across windings
W.i, Wy, W, are displaced by 120°; (b) Line-to-line voltages V
and V,, are 30° phase shifted. (c) Rectifier input currents on the

secondary side of the transformer.
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Fig. 7. FFT of the voltage across transformer winding W,;.

Fundamental frequency of operation is 600+50 Hz enabling the use
of MF transformers. Other components appear at 3f; +50 Hz.
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Fig. 8. DC output voltage at 560V. Individual rectified voltages have
30° phase shift as in conventional 12-pulse operation.

Viecz

In addition to the simulations in PSIM, the magnetic
behavior of the proposed MF transformer was simulated using
Ansys Maxwell finite element analysis (FEA) software. The
primary windings of the modelled transformer were excited
using the voltage expression derived in (3). The material of the
core was selected to be MI19 silicon steel which has a
saturation flux density of 1.4 T at MF. A plot of the magnetic
field density for a 2D simulation of the proposed transformer
is given in Fig. 10. From the simulation, it is shown that the
flux density is higher in the interior three-limbs of the
transformer as expected. The core of the transformer is shown
to operate at 0.8 T which is below the saturation region. In
Fig. 11, the corresponding magnetic flux lines plot is
presented. The flux lines also concentrate along the interior
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three-limbs of the transformer. Using the M19 core loss data at
600 Hz, the FEA software is used to simulate the core losses
of the MF transformer. The simulated core losses shown in
Fig. 12 are compared with the actual losses to evaluate the
efficiency of the proposed topology as discussed in the next
section.

L. (a)
40
2
0
20
-40
03 0.31 032 033 0.34
1 - Time ()
a, ()
40
2 |
2
10 550 Hz  g50 Hz
o A
0 200 400 s00 800 1000
Frequency (Hz)

[T7XIN

Fig. 9. (a) Input line current for phase “a”; 12-pulse operation is
evident, (b) FFT of the input current Verlﬁes 12-pulse operation.
Note: the dominant harmonics are 11™ and 13™ (550 Hz and 650 Hz).
Simulated current THD is 16%.
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Fig. 10. Magnetic field density plot of the proposed 5-limb, 3-phase
transformer when excited with a MF AC link. The 2D dimensions of
the transformer are (34 cm X 24 cm). The model has a depth of Scm.
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Fig. 11. Magnetic flux lines of the proposed 5-limb, 3-phase
transformer when excited with a MF AC link. The flux lines
concentrate in the interior three limbs of the transformer.
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IV. EFFICIENCY ANALYSIS OF MULTI-PULSE AC-DC
CONVERSION STAGE

The efficiency of the proposed reduced active switch multi-
pulse rectifier can be calculated by analyzing switching and
conduction losses, and transformer core and winding losses.
The switching/conducting characteristics of the semiconductor
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Fig. 12. Simulated core losses using FEA software. The average core
loss is 69 W.

devices in Table II were used for power loss analysis. The
currents and voltages through the semiconductor devices are
obtained from the simulation results in Section III. From
calculation, it is determined that the switching and conduction
losses of the active switches (S1/S,) account for 18% of the
total losses. Similarly, the diode clamp circuit accounts for
42% of the system’s losses while the 12-pulse diode rectifier
on the secondary side accounts for 15% of the losses.

TABLEII
SEMICONDUCTOR DEVICES USED FOR POWER LOSS ANALYSIS

System Component Part Number Manufacturer
S1/S, IRG4PH50SPbF  Infineon
Diode clamp circuit C4D40120D Cree
12-pulse diode rectifier ~ C3D20060D Cree

An estimate of the transformer core losses was obtained
using FEA analysis. The FEA simulation yields an average
core loss of 69 W when the transformer primary windings are
excited with a 3-phase MF AC link. The FEA simulation
results were experimentally verified through an open circuit
test of the MF transformer. Through experiments, a core loss
of 80 W was obtained. The difference between the simulated
and tested core losses occurs because the FEA model cannot
account for all physical effects in a core with laminations [22].
The total transformer losses account for 25% of the system’s
losses. Using finer grades of steel or amorphous materials
would decrease the transformer losses but the increase in cost
must be considered [15]. The breakdown of the system losses
is shown in Fig. 13. Overall, the efficiency of the proposed
system is calculated to be 96.5%.

System Power Loss Breakdown (96.5% Efficiency)

Fig. 13. System power loss breakdown for a 10 kW design example.
The efficiency of the system is 96.5%.
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V. COMPARATIVE EVALUATION OF THE PROPOSED MULTI-
PULSE RECTIFIER

In this section, the proposed multi-pulse front-end rectifier
is compared with other existing schemes. The multi-pulse
schemes considered for evaluation include the conventional
12-pulse rectifier, the half power 12-pulse rectifier, and two
active techniques. The results of the comparison are shown in
Table III. The proposed scheme uses only two active switches
reducing the gate drive circuitry allowing for a compact
system but the active switches must be rated for 2V ;. Due to
the low number of active switches and simple modulation
scheme, the proposed scheme has a low realization complexity
compared to the three-phase modular PFC scheme. Similar to
the active 12-pulse scheme, the sensing effort and modulation
complexity of the proposed scheme is low which is attractive
in industrial settings.

Among the five compared topologies, only in the proposed
topology the phase-shifting transformer (1.29P,) operates at
MF with galvanic isolation. Operating at MF enables the
power density (W/L) of the proposed phase-shifting
transformer to be the highest among the topologies employing
phase-shifting transformers. Power density is defined in (27).
For power density calculation, the power rating and physical
size of the transformers/matching inductors reported in [8]
were used. The proposed zig-zag MF isolation transformer
rated at 4 kW has a 980 W/L power density, which is nearly
3.4 times larger than the power density of the conventional
line frequency 12-pulse isolation transformer.

Compared to the half power 12-pulse scheme described in
[6], the power density of the proposed transformer
configuration is nearly 3.9 times larger. Similarly, compared
to the active 12-pulse scheme in [8] the power density of the
proposed transformer configuration is about 2.8 times larger.
This advantage in power density makes the proposed topology
very attractive in applications where size is a constraint and
isolation is required.

OutputPowe (W)
Volume(L)

In addition, the volume of the proposed MF transformer is
compared to the volume of a line frequency transformer
through Ansys Maxwell FEA modeling. Two 3-phase
transformers, one operating at line frequency and the other at
MF frequency, were modeled for the same output load (4 kW),
input voltage (208 Vy,) and efficiency (~98%) requirements.
Also, the same M 19 silicon steel core material was considered
for comparison. Considering the B-H curves of the M19
material at different operating frequencies, a peak flux density
of 1.6 T with 105 primary turns was used for the line
frequency transformer design while a peak flux density of
0.8T with 68 primary turns was used for the MF transformer
design. A comparison of the size between the 3-phase line-
frequency transformer and the 3-phase MF transformer is
shown in Fig. 14. For the same output load, input voltage, and
transformer efficiency requirements the line frequency
transformer has a volume of 13.8 L (51 cm x 36 cm x 7.5 cm)
while the MF transformer has a volume of 4 L (34 cm x 24 cm
x 5 cm). Thus, the volume of the MF transformer is 30% of
the volume of the line frequency transformer.

27

PowerDensity =
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TABLE III
COMPARATIVE EVALUATION OF PROPOSED RECTIFIER WITH OTHER SCHEMES
Topologics Conventional Half Power Active 12- Three single- Proposed
POlog 12-Pulse 12-Pulse Pulse [8] phase PFC P
Configuration ac-dc ac-dc ac-dc-dc ac-dc-dc ac-ac-dc
No. of acti front-end §| - | - | - 3 2
0. 9 active de-de |V ———- | 4 12 |
switches
Total |  -~—- | = - 4 15 2
Galvanic Isolation Yes No No No Yes
Sen51.ng effort & . None Low Low High Low
modulation complexity
Phase-Shifting 1.03P, 0.5P, 0.38P, 1.29P,
Transformer VA rating (line (line (line | - (medium
(operation frequency) frequency) frequency) frequency) frequency)
Power Density of Phase- . .
Shifting transformer 290 252 352 980
(Output-Watts/Liters)

*The volume for these topologies was obtained using the physical size of the phase-shifting transformer and the size of the matching inductors

reported in [8]

Fig. 14. Size comparison of 3‘-phase‘transformers.> Line frequen;:;
transformer (left) has a volume of 13.8 L while the medium
frequency transformer (right) has a volume of 4.1 L.

VI. EXPERIMENTAL RESULTS

In order to validate the proposed topology a scaled-down
laboratory prototype rated at 3.15 kW is built and tested. The
input 3-phase line-to-line voltage is 208V, with fundamental
frequency of 50 Hz. A small input passive filter with L,=100
pH was used. The switching frequency of the active devices,
namely S; and S,, is set to 600 Hz. The clamp circuit is
composed of a film capacitor C,=10 pF and R,=10 kQ. The
gate drive signals for the active switching devices are
generated using a Texas Instruments microcontroller. Within
the microcontroller, a dead time of 2us is assigned to the
gating signals of S; and S, to avoid overlap operation. The
zig-zag MF transformer is designed to operate at the desired
switching frequency and is built using silicon steel material.
Fig. 15 shows the MF transformer used for the hardware
experiments.

The experimental results are shown to be similar to
simulation results. Fig. 16 shows the 3-phase MF AC link
across windings W,;, Wy, and W,,. It is evident that the set of
3 phase voltages are displaced by 120° (6.67 ms) from each
other. Operation at MF is confirmed from Fig. 17. The FFT of
the voltage V. shows fundamental components at 550 Hz
and 650 Hz enabling the transformer to operate at MF. From

Fig. 18, 12-pulse operation is observed; the secondary side
voltages Vs and V,,, show a net 30° phase shift (1.67 ms)
with respect to each other. This figure also shows a smooth
DC output voltage as in 12-pulse operation. The line input
current I, is shown in Fig. 19 along with its FFT. The
frequency spectrum shows that the 5™, 7, 17", 19" harmonics
have been eliminated confirming 12-pulse operation. The
measured THD of the current is 17% but can be improved
with an input passive filter with L, = 0.13 p.u. The measured
11" and 13™ harmonic of the input current are about 10% and
7% respectively from the fundamental. From Fig. 20, high
displacement power factor is shown between the line-to-
neutral voltage V,, and the line input current I,. Furthermore,
Fig. 20 shows that the effect of the switching frequency on the
utility voltage is minimal.

Fig. 15. Medium frequency 600 Hz transformer with silicon steel
core (Volume = 4.08 L; Dimensions: 34 cm x 24 cm x 5 cm).

VII. CONCLUSION

This paper proposes a reduced switch multi-pulse rectifier
with MF transformer isolation employing two active
semiconductor devices. It has been shown that operating at a
MF of 600 Hz the transformer size is 1/3 of the equivalent 60
Hz design. A 10 kW design example has been shown to
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achieve 96.5% efficiency. Simulation and experimental results
on a laboratory prototype demonstrate the 12-pulse operation
with high input current quality. Overall, the advantages of the
system include high power density, reduced active switch
count, and simple pulse width modulation scheme.

Fg. 16. Experimental results: Ch.1: Voltage across Widing Wi
Ch.2: Voltage across winding Wy;; Ch.3: Voltage across winding

W.,. Note: voltages are displaced by 120° with respect to each other.

"~ : | ‘ :|
Fig. 17. Experimental results: Ch. 1: Primary side voltage V,;; Ch.
M: FFT of V,,; shows fundamental components at 550 Hz and 650
Hz enabling MF operation.

Fig. 18. Experimental results: Ch.1: Line-to-line voltage on the
secondary side V ,s; Ch.2: Line-to-line voltage on the secondary side
Vs Ch.3: DC output voltage. Note: Vs and Vy, are displaced by
30° from each other to achieve 12-pulse rectification.
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Fig. 19. Experimental results: Ch.4: Line input current I,;; Ch. M:
FFT of I, shows dominant harmonics to be 11" (550 Hz) and 13"
(650 Hz) as in 12-pulse operation. The 5% 7" 17", and 19™
harmonics are eliminated. The measured THD is 17%.

Fg. 20. Experimental results: Ch.1: Utility line—to—neutal voltage
Van; Ch.4: Line input current I,
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