I *I Innovation, Sciences et Innovation, Science and CA 3205206 A1 2023/12/28
Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (21) 3 205 206

(12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION

(13 A1
(22) Date de dépét/Filing Date: 2023/06/27 (51) CLInt./Int.Cl. HO2M 7/04 (2006.01),
(41) Mise a la disp. pub./Open to Public Insp.: 2023/12/28 H02M 1/14 (2006.01)
(30) Priorité/Priority: 2022/06/28 (US63356474) (71) Demandeur/Applicant:

QUEEN'S UNIVERSITY AT KINGSTON, CA

(72) Inventeurs/Inventors:
FOROUZESH, MOJTABA, CA;
LIU, YAN-FEI, CA

(74) Agent: SCRIBNER, STEPHEN J.

(54) Titre : REDRESSEUR TRIPHASE AVEC MODULES RECONFIGURABLES POUR UNE LARGE GAMME DE TENSION DE
SORTIE
(54) Title: THREE-PHASE RECTIFIER WITH RECONFIGURABLE MODULES FOR WIDE OUTPUT VOLTAGE RANGE

[Vnagco
cntam

Vemeo] |

Vos,
+ | Vi Veasg
M Vianc:

Modulean

= Vi Vsanr

‘Three-Phase
AC Source

Vo

Moduleg;

(57) Abrégé/Abstract:

A three phase rectifier includes n converter modules in each phase A, B, and C, wherein the AC inputs of the n converter modules
of each phase are connected together in parallel, and the DC outputs of respective first to nt" converter modules of phases A, B,
and C are connected together in parallel as first to nt" sub-combinations of DC outputs. The first to nth sub-combinations of DC
outputs may be connected together in selected modes to produce a range of total output DC voltage, wherein the range of total
output DC voltage is substantially free of double line frequency ripple and the converter modules are implemented without
electrolytic output capacitors. The three phase rectifier is suitable for use in high power applications such as electric vehicle fast
chargers.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191



10

ABSTRACT

A three phase rectifier includes n converter modules in each phase A, B, and C, wherein
the AC inputs of the n converter modules of each phase are connected together in parallel, and
the DC outputs of respective first to n' converter modules of phases A, B, and C are connected
together in parallel as first to n sub-combinations of DC outputs. The first to n* sub-
combinations of DC outputs may be connected together in selected modes to produce a range of
total output DC voltage, wherein the range of total output DC voltage is substantially free of
double line frequency ripple and the converter modules are implemented without electrolytic
output capacitors. The three phase rectifier is suitable for use in high power applications such as

electric vehicle fast chargers.
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THREE-PHASE RECTIFIER WITH RECONFIGURABLE MODULES FOR WIDE OUTPUT
VOLTAGE RANGE

RELATED APPLICATION

This application claims the benefit of the filing date of Application No. 63/356,474, filed

June 28, 2022, the contents of which are incorporated herein by reference in their entirety.

FIELD

This invention relates generally to three-phase AC-DC converters. More specifically, the
invention relates to three phase rectifiers with two or more converter modules in each phase,
wherein the converter modules are arranged in sub-combinations that can be configured for

various output DC voltage ranges.

BACKGROUND

High power rectifiers have been widely used in many applications including, electric
vehicle (EV) DC fast charging, energy storage systems (ESS), medium voltage DC (MVDC)
grid, etc. With the advancement of different technologies and the consequent requirement for
higher power, higher DC voltage levels are being adopted to reduce conduction loss. For
example, in battery ESS or EV fast charging a wide DC voltage range is required to charge the
high voltage energy storage battery. Initially, 400 V was the only high voltage battery standard
for EVs, however, 800 V battery is becoming more prevalent in long-range EVs. Similarly, in
battery ESS the standard bus voltage was 400 V for renewable energy applications, however, for
MVDC grid application the voltage may be at the kV level [1]-[4]

Furthermore, in wind energy applications usually large medium voltage (MV)
transformers are required to connect to the MVAC grid, which are bulky and costly. Instead, a
DC voltage can be used to connect to an MVDC grid to improve performance and reduce cost. In
the conventional approach, a three-phase rectifier is used in the front connected to a DC-DC

converter to step up the voltage to the voltage level of the MVDC grid [5]. To improve the
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system power density and efficiency single-stage three-phase rectifiers with the ability to
produce kV voltage levels are preferred. To meet the wide voltage range of different loads,
various strategies for reconfiguration of the rectifier input and/or output to multiply the voltage

and/or current have been proposed [6]-[9], however, there are limitations to such approaches.

SUMMARY

Provided herein are single-stage three-phase rectifier topologies with reconfigurable
output connections for wide output voltage range applications. An advantage of the embodiments
is that the fluctuating current in each phase, i.e., the double line frequency current ripple (100 Hz
or 120 Hz), is cancelled out at the output of the converter modules and hence no electrolytic
capacitor is needed for output filtering, which significantly increases the system reliability.
Moreover, since the output current/voltage is shared equally in the reconfigurable output series,
parallel, or series-parallel connections, low voltage and current rating devices may be used over
the wide output voltage range for a rated output power operation. A unity power factor may be
achieved in each phase by implementing power factor correction in each converter module. In
some embodiments, using soft-switching converter modules allows high switching frequency
implementation and consequently the size of magnetic components (e.g., resonant inductor,
isolating transformer) may be reduced. A high power density may be achieved by using single-

stage AC to DC converter modules with no requirement for bulky passive components.

According to embodiments, a three phase rectifier may comprise: n converter modules in
each phase A, B, and C of the three phase rectifier, each of the n converter modules in each
phase A, B, and C having an input that receives an AC voltage and an output that outputs a DC
voltage; wherein the AC inputs of the n converter modules of phase A are connected together in
parallel, the AC inputs of the n converter modules of phase B are connected together in parallel,
and the AC inputs of the n converter modules of phase C are connected together in parallel;
wherein the DC output of a first converter module of phase A, the DC output of a first converter
module of phase B, and the DC output of a first converter module of phase C are connected
together in parallel as a first sub-combination DC output; wherein the DC output of a n'
converter module of phase A, the DC output of a n'™ converter module of phase B, and the DC

output of a n converter module of phase C are connected together in parallel as a n® sub-

2.
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combination DC output; a mode switcher having inputs connected to respective first to n sub-
combination DC outputs and having an output that outputs a total output DC voltage; wherein
the mode switcher connects the first to n sub-combination DC outputs together in selected
modes to produce a range of total output DC voltage; wherein the range of total output DC
voltage is substantially free of double line frequency ripple; wherein the converter modules are
implemented without electrolytic output capacitors.

According to embodiments, the selected modes may be selected from series, parallel, and
series-parallel connections of the first to n sub-combination DC outputs.

One embodiment comprises n = 2 converter modules in each phase A, B, C; wherein each
converter module has an output DC voltage of Vx; wherein the range of total output DC voltage
is from Vx to 2Vx.

One embodiment comprises n = 4 converter modules in each phase A, B, C; wherein each
converter module has an output DC voltage of Vx; wherein the range of total output DC voltage
is from Vx to 4Vx.

In one embodiment the n converter modules in each phase A, B, C are substantially the
same.

According to embodiments, the n converter modules are selected from LLC resonant
converter, boost converter, dual active bridge (DAB) converter, LCLC converter, active clamp
boost converter, flyback converter, SEPIC converter, Zeta converter, and Cuk converter.

In one embodiment the n converter modules are LL.C resonant converters.

In one embodiment the mode switcher automatically selects a mode to deliver a selected
total output DC voltage to a load.

In one embodiment a three phase AC input source is configured as line-to-line voltage.

In one embodiment a three phase AC input source is configured as phase voltage.

Also provided herein is an electric vehicle charger comprising a three phase rectifier
according to embodiments described herein.

Also provided herein is a method for implementing a three phase rectifier, comprising:
providing n converter modules in each phase A, B, and C of the three phase rectifier, each of the
n converter modules in each phase A, B, and C having an input that receives an AC voltage and
an output that outputs a DC voltage; wherein the AC inputs of the n converter modules of phase

A are connected together in parallel, the AC inputs of the n converter modules of phase B are
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connected together in parallel, and the AC inputs of the n converter modules of phase C are
connected together in parallel; wherein the DC output of a first converter module of phase A, the
DC output of a first converter module of phase B, and the DC output of a first converter module
of phase C are connected together in parallel as a first sub-combination DC output; wherein the
DC output of a n converter module of phase A, the DC output of a n converter module of
phase B, and the DC output of a n converter module of phase C are connected together in
parallel as a n™ sub-combination DC output; connecting the first to n sub-combination DC
outputs together in selected modes to produce a range of total output DC voltage; wherein the
range of total output DC voltage is substantially free of double line frequency ripple; wherein the
converter modules are implemented without electrolytic output capacitors.

According to embodiments the method may comprise using a mode switcher to connect
the first to n™ sub-combination DC outputs together in selected modes to produce the range of
total output DC voltage.

According to embodiments the selected modes may be selected from series, parallel, and
series-parallel connections of the first to n'M sub-combination DC outputs.

According to one embodiment the method may comprise providing n = 2 converter
modules in each phase A, B, C; wherein each converter module has an output DC voltage of Vx;
wherein the range of total output DC voltage is from Vx to 2Vx.

According to one embodiment the method may comprise providing n = 4 converter
modules in each phase A, B, C; wherein each converter module has an output DC voltage of Vx;
wherein the range of total output DC voltage is from Vx to 4Vx.

According to embodiments the n converter modules may be selected from LLC resonant
converter, boost converter, dual active bridge (DAB) converter, LCLC converter, active clamp
boost converter, flyback converter, SEPIC converter, Zeta converter, and Cuk converter.

In one embodiment the n converter modules are LL.C resonant converters.

According to embodiments the method may comprise automatically selecting a mode to

deliver a selected total output DC voltage to a load.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a greater understanding of the invention, and to show more clearly how it may be
carried into effect, embodiments will be described, by way of example, with reference to the

accompanying drawings, wherein:

Figs. 1A and 1B are block diagrams showing general structures of reconfigurable single
stage three-phase rectifiers with n converter modules in each phase (n =2, 3, ...), according to

embodiments.

Figs. 2A and 2B are schematic diagrams of single stage converter modules that may be
used in each phase of a wide output voltage phase-modular three-phase rectifier I=A, B, C; =
1,2, 3, ...), wherein (A) is an example of an isolated frequency controlled converter with LL.C
resonant tank, and (B) is an example of isolated duty cycle controlled converter with Boost

inductor, according to the prior art.

Figs. 3A-3D are block diagrams of a reconfigurable single stage three-phase rectifier with
two converter modules in each phase configured according to three different modes, according to

embodiments.

Figs. 4-7 show simulation results for a three-phase rectifier using two converter modules
in each phase according to one embodiment, where, from top to bottom, the plots show the three
phase rectifier output voltage Vo, the output current Lo, the output voltage of each converter
module Va1, Voaz, Vob1, Vo2 Voc1, and Vo, the input three-phase line to line voltage Vab, Vo,
Vea, the input current for each phase Iina1, linaz, ling1, ling2» linc1, and Iincz, and the resonant
current for each phase; wherein Fig. 4 is for 1,=200 V at P,=60 kW, Fig. 5 is for 1/,=400 V at
P,=60 kW; Fig. 6 is for V,=800 V at P,=60 kW; and Fig. 7 is for V,=1200 V at P,=60 kW.

DETAILED DESCRIPTION OF EMBODIMENTS

Described herein are isolated three-phase single-stage rectifiers with reconfigurable
output connections. According to embodiments, each phase includes two or more converter
modules each having an input rectifier bridge, inverter bridge, isolation transformer, and output
rectifier bridge. The connection of the output rectifiers of different modules in each phase and

with respective rectifiers in the other phases produces various voltage levels. An advantage of

-5-
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the embodiments is that only a small output capacitance is needed in each converter module as
the AC line fluctuating current is cancelled in the output capacitor, which eliminates the need for
electrolytic capacitors while achieving negligible output voltage ripple. Moreover, for high
output voltage levels, since the voltage, current, and thermal stresses are distributed between the
converter modules, semiconductor devices with lower voltage/current ratings can be used in each

module which increases the system reliability and reduces the cost.

As used herein, the term “substantially” means that the recited characteristic, parameter,
and/or value need not be achieved exactly, but that deviations or variations, including for
example, tolerances, measurement error, measurement accuracy limitations and other factors
known to those of ordinary skill in the art may occur in amounts that do not preclude the effect
the characteristic was intended to provide. A characteristic or feature that is substantially reduced
or removed (e.g., the double line frequency (e.g., 100 or 120 Hz) ripple in the three-phase
converter output voltage) may be eliminated or significantly reduced or minimized so that it is
within the noise, beneath background, below detection capabilities, or of no consequence in a

practical application.

Fig. 1A is a block diagram of a generalized structure of a three-phase single-stage
rectifier according to embodiments. A three-phase source 100, which may be a Delta or Y
configuration, provides input power to the converter modules of each phase A, B, and C. The
topology is based on a phase-modular approach with n converter modules (n =2, 3, ...) in each
phase, i.e., Modulea1, Moduleaz, ..., Modulean for phase A. The inputs of modules A1, Bi, C1 are
connected to phase AB, BC, and CA, respectively. With at least two converter modules in each
phase three-phase rectification and power factor correction (PFC) in each phase may be achieved
for a narrow output voltage range (e.g., for a ratio of 1:2, i.e., a doubling of the output voltage).
By increasing the number of modules in each phase higher output power and voltage levels, as
well as a wider output voltage range, may be achieved. Although there is no theoretical limit to
the number of converter modules in each phase, the number may be limited by practical design
considerations for a given application and/or the parameters of available switching devices and
other components. Based on currently available technology it is expected that eight converter

modules in each phase may be practical.
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Each converter module includes an output rectifier and an output capacitor Co. A mode
switcher 110 may be used at the positive (P) and negative (N) output terminals of the of the
converter modules to configure different output connections between the converter modules. The
mode switcher provides the final output power (Vou, lout) to the load, as shown in Fig. 1A. The
mode switcher may be implemented with switches configured to provide various output
connections of the converter modules in each phase. As shown in Figs. 1A and 1B, the mode
switcher 100 may include a sensing and/or communication and control circuit, i.e., a controller
120 that performs one or more functions such as sensing and/or communicating (wired or
wireless) with a device that the three phase rectifier output is connected to, to determine the
correct output voltage to be delivered to the device and automatically controlling the mode
switcher to set the appropriate connections of converter modules so as to achieve the correct

output voltage.

As a non-limiting example, a three phase rectifier embodiment may be configured for
charging electric vehicles (EVs). Since different EVs may have different charging voltage
requirements, the sensing and/or communication circuit of the controller may determine the
correct output voltage for the EV to which it is connected and the controller controls the mode
switcher to configure the connections of the three phase rectifier converter modules or sub-
combinations of converter modules to provide the correct output voltage for the EV. Examples
of output connections with a small number of converter modules (e.g., two or four converter
modules in each phase) are described herein. However, other embodiments may have other

numbers of converter modules in each phase.

In the non-limiting example of an EV charger, such an implementation may include two
converter modules in each phase, resulting in a total of six converter modules for a 40 kW Level
3 EV fast charger. The input voltage may be 480 V three-phase AC. The output voltage may be
adjusted from 250 V to 1000 V. The six modules may be configured in two sub-combinations as
described in detail below. When the two sub-combinations are connected in parallel, the output
voltage may be adjusted from 250 V to 500 V (e.g., to charge a 400 V battery). When the two
sub-combinations are connected in series, the output voltage may be adjusted from 500 V to

1000 V (e.g., to charge an 800 V battery).
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Fig. 1B is a block diagram of a generalized structure according to another embodiment.
In Fig. 1B the inputs of converter modules A1, B1, C: are connected to phase AB, BC, and CA,
respectively. In Fig. 1B the output terminals of the first module in each phase (i.e., module A1,
Bi1, C1) are connected together in parallel and then connected to the load through a mode
switcher. That is, terminals Vpa1, Ves1, Vrc1 are connected together and terminals Vna1, VB,
Vnc1 are connected together. Similarly, the output terminals of the second module in each phase
(i.e., module Az, B2, C») are connected together in parallel and then connected to the load
through a mode switcher, and so on until the n'® converter module. Accordingly, as used herein,
the term “three modules connected in parallel” refers to the three modules wherein the input
terminals are connected to each phase of the three-phase AC input voltage and the converter
module output terminals are connected together in parallel. According to embodiments, each
converter module is controlled to achieve power factor correction and generate substantially the
same output power. Examples of suitable control strategies are described in co-pending
International Application No. PCT/CA PCT/CA2023/050867, incorporated herein by reference.
For example, module Az, B2, Cz are connected in parallel to form a sub-combination, ABC2.
Module Az, B2, Cz all achieve power factor correction and generate substantially the same output

power.

Each converter module may be based on either pulse width modulation (PWM) duty
cycle control or pulse frequency modulation (PFM) frequency control. Figs. 2A and 2B are
schematic diagrams showing examples of common PFM and PWM converter modules that may
be used in various embodiments, an LLC (inductor-inductor-capacitor) resonant converter and a
boost converter, respectively. Other converter modules such as but not limited to dual active
bridge (DAB) converter, LCLC converter, active clamp boost converter, flyback converter,
SEPIC converter, Zeta converter, and Cuk converter may also be used. Depending on the
application, the switching bridge and rectifier structure may be either half-bridge or full-bridge,
and the selection of isolation transformer may also based on the application requirements, for
example, a center tapped transformer may be used for low output voltage and high current
applications. The parameters of each converter module, such as power rating, output voltage
rating, etc., may be the same. Each converter module may be based on the same topology and
same parameters. Different topologies with the same power rating may also be used for the

modules, for example, modules rated at 200 V output voltage and 10 kW output power

-8-
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implemented with LLC topology may be used for modules A1, B1, C1 and implemented with
isolated boost topology may be used for module Az, B2, C2. However, there are no benefits to be

derived from such a configuration.

Throughout the rest of this disclosure, embodiments are described based on an LLC
resonant converter used in each module for analysis and computer simulation. Each module
includes an input rectifier bridge (Din1-Din4) followed by an inverter bridge with switches (Q1-Q4)
and an LLC resonant tank (Lr-Lm-Cr) connected to an isolation transformer TX and an output
rectifier bridge (Do1-Do4) which may be implemented with diodes or switches such as MOSFETs,
and an output capacitor Co. By using an LLC resonant converter to perform the PFC, switching
losses are minimized by implementing zero voltage switching (ZVS) for the inverter bridge
switches and zero current switching (ZCS) for the output rectifier bridge switches. Thus, a high
switching frequency can be implemented to minimize the size of passive components. To
achieve PFC, the switching frequency of each module may be varied independently between the
parallel resonant frequency and series resonant frequency of the LLC resonant tank to achieve
high voltage gain around the line voltage zero crossing and unity gain around the peak line

voltage.

The multiple converter modules in each phase allow distributed power loss and thermal
stress. In some embodiments high output voltages and wide output voltage ranges may be
achieved by reconfiguring the connections of the converter module outputs while using
switching devices and components with low voltage ratings. Moreover, since the input AC
fluctuation (i.e., the double line frequency (100 or 120 Hz) ripple) of the three-phase system is
substantially cancelled in the output V, of the rectifier, due to the configuration of the
connections of the outputs of the converter modules in each phase to generate the rectifier output,
no bulky electrolytic capacitor is needed in the output, and as electrolytic capacitors are prone to
failure the reliability of embodiments is improved over prior designs. Therefore, according to
embodiments the double line frequency ripple is cancelled and is substantially zero (or very
small), the output capacitor is only used for filtering out switching frequency ripple and its value
is very small. For example, a film capacitor with value of 10 to 50 uF may be used for the output
filter. In contrast, if the double line frequency ripple was not substantially cancelled it would

have to be filtered using a large electrolytic capacitor of at least 500 uF.
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As described above a mode switcher may be implemented at the output of three-phase
rectifier embodiments to switch between various output configurations and corresponding output
voltages. The final output configuration of the converter modules from the mode switcher is the
three phase rectifier output (Vout, lout) that is connected to the positive (P) and negative (N) nodes
of the load, as shown in the generalized embodiments of Figs. 1A and 1B. As examples, output
configurations for the case with two converter modules (i.e., n = 2) in each phase are listed in
Tables 1A and 1B. In these embodiments a total of six converter modules (which may be, for
example, LLC modules) may be used. As further examples, output configurations for the case
with four converter modules (i.e., n = 4) in each phase are listed in Tables 2A and 2B. In these
embodiments a total of twelve converter modules (which may be, for example, LLC modules)
may be used. In Tables 1A, 1B, 2A and 2B the rated DC output voltage of each converter
module is Vx operated at Ix output current. Moreover, to cover the whole output voltage range a
voltage gain of 2 may be implemented in the design of each converter module. Hence, each

module provides power over 0.5 X Vx to Vx output voltage levels.

Table 1A. Output configuration selection for two converter modules in each phase, according to

one embodiment.

Mode _ Output Output
) Output Configuration
Selection Voltage Current
1 (VoAl + VoAZ) + (VoBl + VoBZ) + (V0C1 + VOCZ) XV 6xIx
2 (Voar + Vo1 + Voc1) — (Voaz + Vosz + Vocz) 2xVx 3xIx
3 (Voa1 + Voaz) — (Vo1 + Vorz) — (Voca + Vocz) 3xVx 2xIx

22

Note: “+” represents parallel connection,

represents series connection.

-10 -
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Table 1B. Output configuration selection for two converter modules in each phase, according to

one embodiment.

Mode _ Output Output
) Output Configuration
Selection Voltage Current
1 (Voa1 + Vop1 + Voc1) + (Vonz + Vg2 + Voc2) IXVx 6xIx
2 (Voar + Vo1 + Voc1) — (Voaz + Vo2 + Vocz2) 2XVx 3xIx
3 (Voa1 + Voaz) — (Vo1 + Vogz) — (Vo1 + Vocz2) 3xVx 2XIx

22

Note: “+” represents parallel connection,

represents series connection.

As observed in Table 1A, in mode 1 all six converter modules are connected in parallel
so that the combined output voltage is same as the output voltage of each converter module and

the combined output current is six times that of each module.

In Table 1A, in mode 2 two sub-combinations are formed. Each sub-combination is a
parallel connection of three modules, one module selected from each phase (phase AB, phase
BC, and phase CA). For example, sub-combination 1 (ABC1) may include parallel connection of
output voltages of Voa1, Vo1, and Voci of modules A1, B1, Ci. Similarly, sub-combination 2
(ABC2) may include parallel connection of output voltages of Voaz, Vosz, and Voc2 of modules
Az, B2, Cz,. These two sub-combinations (ABC1 and ABC2) are then connected in series. With
this connection, the combined output voltage is two times of the output voltage of each module

(2 * Vx) and the combined output current is three times the output current of each module (3 *
Ix).

Table 1B shows the modes in Table 1A using the sub-combination described above. In
Table 1B, the expression for mode 2 is same as that in Table 1A. In Table 1B, the expression for
mode 1 is as the sub-combination described above. Thus the connections in Tables 1A and 1B

are the same, but they are expressed in Table 1B as sub-combinations.

Fig. 3A-3D are block diagrams of embodiments with two converter modules in each
phase, for a total six modules. In Fig. 3A converter modules A1, B1, C1 are connected in parallel
to form sub-combination ABC1, and modules Az, B2, Cz are connected in parallel to form sub-

combination ABC2. A mode switcher 310 includes switches S1, S2, and S3. A controller 320

-11 -
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may be used to control the mode switcher as discussed above. When switch S1 and switch S3 are
closed and switch S2 is open, sub-combinations ABC1 and ABC2 are connected in parallel,
resulting in all six modules being connected in parallel. This connection corresponds to mode 1
operation in Tables 1A and 1B. When switch S1 and switch S3 are open and switch S2 is closed,
sub-combinations ABC1 and ABC2 are connected in series. This connection corresponds to

mode 2 operation in Tables 1A and 1B.

Figs. 3B to 3D are block diagrams of embodiments with two converter modules in each
phase for the three output connections listed in Tables 1A and 1B (i.e., Fig. 3B shows Mode 1,
Fig. 3C shows Mode 2, and Fig. 3D shows Mode 3). In Figs. 3B to 3D the mode switcher is not
shown. Instead, the connections of the outputs of converter modules are shown as achieved by
the mode switcher. In Mode 1 and Mode 2 from Tables 1A and 1B no low-frequency current
flows through the output capacitors so they may be very small as they only handle the high
switching frequency current ripples. However, due to the series connection of the output of three
phases in Mode 3 of Tables 1A and 1B (Fig. 3D) some double line frequency current ripple will
flow through each phase, and large electrolytic capacitors would have to be used in the outputs
of the converter modules to remove the double line frequency ripple. Therefore, when a small
number of modules (e.g., two modules) are used in each phase mode 3 should not be used in
order to avoid the need for electrolytic capacitors. Instead, for applications where a higher output
voltage Vout is required, embodiments based on more than two converter modules in each phase

may be used. Such an embodiment is described below.

Thus, in order to avoid using electrolytic capacitors, the number of converter modules
used in each phase may be increased to achieve the same or higher output voltage levels.
Embodiments having four converter modules in each phase, i.e., modules A1.4, Bi-4, C1.4 will

now be described with reference to Tables 2A and 2B.

-12-
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Table 2A. Output configuration selection for four converter modules in each phase, according to

one embodiment.

Mode ‘ _ Output | Output
) Output Configuration
Selection Voltage | Current
(Voa1 + Voaz + Voaz + Voas)
1 + (Vo1 + VoBz + VoBs + VoBa) 1xVx 12x1x
+(V0C1 + VoC2 + V0C3 + V0C4)
((VoA1 + Voaz) + (Vop1 + Vogz) + (Vocr + Vocz))
2 - ((VOA3 + V0A4) + (VoBB + V0B4) + (VOC3 2xVx 6xIx
+ V0C4))
(VoAl + VoBl + VoC1) - (VoAz + VoBZ + VoCz)
3 — (Voaz + Vo3 + Vocs) 4XVx 3xIx
_(V0A4 + V0B4 + V0C4)

Note: “+” represents parallel connection,

22

represents series connection.

Table 2B. Output configuration selection for four converter modules in each phase, according to

one embodiment

Mode ‘ _ Output | Output
) Output Configuration
Selection Voltage | Current
(VoAl + VoB1 + VoC1) + (VoAZ + V0B2 + VoCZ) + (VOA3
1 1xVx 12xIx
+ VoBB + VoCB) + (V0A4 + VoB4 + V0C4)
((Voa1 + Vo1 + Voc1) + (Voaz + Vo2 + Vocz))
2 — ((Voas t Vo3 + Vocz) + (Vons + Vopa 2XVx 6xIx
+ V0C4))
(VoAl + VoBl + VoC1) - (VoAz + VoBZ + VoCz)
_(V0A4 + V0B4 + V0C4)

Note: “+” represents parallel connection, “— represents series connection.
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Tables 2A and 2B show equivalent connections that may be implemented to achieve the
same output voltages and currents, using different sub-combinations. The embodiment of Table
2B may be considered to be simplified in that the same sub-combinations of three converter
modules are used in all three modes. In this embodiment, each sub-combination includes one

module from each AC phase, for example:
Sub-combination 1 (ABC1) is a parallel connection of Voai, Vo1, and Voci;
Sub-combination 2 (ABC2) is a parallel connection of Voaz, Vonz, and Vocz;
Sub-combination 3 (ABC3) is a parallel connection of Voas, Vons, and Vocs;
Sub-combination 4 (ABC4) is a parallel connection of Voas, Vo4, and Vocs;

Referring to Table 2B, in mode 1 all four sub-combinations (ABC1, ABC2, ABC3,
ABC4) are connected in parallel, and the combined output voltage (Vou) is the same as the
output voltage of each converter module (Vout = Vx) and the combined output current (Iout) is

about 12 times the output current of each module (Iout = 12 * Ix).

Mode 2 may also be achieved in two different ways as shown in Tables 2A and 2B.
Referring to Table 2B, two sub-combinations are connected in parallel to form a connection #1
(for example, ABC1 + ABC2) of six modules, and another two sub-combinations are connected
in parallel to form a connection #2 (for example, ABC3 + ABC4) of six modules. Then
connection #1 (ABC1 + ABC2) and connection #2 (ABC3 + ABC4) are connected in series:
(ABC1 + ABC2) — (ABC3 + ABC4), where + refers to parallel connection and — refers to series
connection. Then a combined output voltage Vout = 2 * Vx and a combined output current Iout = 6

* Ix may be achieved.

Mode 3 may be achieved as shown in Tables 2A and 2B, wherein four sub-combinations
each including three converter modules connected in parallel are formed as connection #1
modules (ABC1), connection #2 modules (ABC2), connection #3 modules (ABC3), and
connection #4 modules (ABC4), and connections #1, #2, #3, and #4 are then connected in series:
ABC1 — ABC2 — ABC3 — ABCA4. In this way, a combined output voltage Vou =4 * Vxand a

combined output current Iow = 3 * Ix is achieved.

Advantageously, the embodiments of Tables 2A and 2B operate in mode 3 provide 4xVx

without requiring large electrolytic output capacitors since the connections of the converter
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modules in the sub-combinations results in the double line frequency ripple being substantially
cancelled. Thus, as noted above, higher output voltage levels may be realized without requiring
electrolytic capacitors by adding more converter modules in each phase and avoiding series
connections of converter module outputs within sub-combinations. Additionally, output voltage
ranges such as those in the embodiments of Tables 1A, 1B, 2A, and 2B may be achieved by

using a voltage gain of 2 in the design of each converter module.

Additional converter modules may be connected in a similar way to expand the output
voltage variation range and output power rating. Embodiments may include sub-combinations
each including three modules, each of the three connected to a different phase of the three phase
input AC voltage and with DC outputs connected in parallel. Embodiments may include the sub-
combinations being connected to each other in series, parallel, and/or in series-parallel to
increase the output current or the output voltage of the combined connection by using mode
selection based on the generalized embodiment of Figs. 1A and 1B and based on the approaches

shown in Table 1A, Table 1B, Table 2A, and Table 2B.

In some embodiments the output voltage of each converter module may be fixed. In other
embodiments, and in certain applications, the output voltage of each converter module may be
adjustable and therefore different final output voltages of the combined converters (Vout) may be
obtained. For example, converter modules may be implemented with variable gain. Both lower
gain and smaller gain rain range allow the design of converter modules to be optimized for better
performance, while a larger gain and a wider gain range reduce converter efficiency. In some
embodiments a gain variation range of 2 may be implemented. In some embodiments a gain

variation range of +/- 10% may be implemented.
Below are examples of various methods that may be used to achieve Vout = 3*Vx:

Method 1 uses six modules (two modules in each phase) as shown in mode 2 in Table 1A
and 1B, and regulates the output voltage of each module to Vo1 = 1.5%Vx. The final output
voltage Vour = 2%1.5Vx = 3*Vx.

Method 2 uses 12 modules (four modules in each phase) as shown in mode 2 in Tables
2A and 2B, and regulates the output voltage of each module to Vo1 = 1.5¥Vx. The final output
voltage Vout = 2* Vo1 = 2%1.5%Vx = 3*Vx.

-15-
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Method 3 uses 12 modules (four modules in each phase) as shown in Tables 2A and 2B,
and regulates the output voltage of each module to Vo1 = 0.75*Vx. Then the final output voltage
Vout = 4¥Vo1 = 4%0.75%Vx = 3*Vx.

Therefore, by adjusting the output voltage of each module, the final output voltage Vout
may be adjusted continuously. In the case of six modules, or two modules for each AC phase, the
final output voltage Vout may be adjusted from 0.5Vx to 3 Vx (for a ratio of 6:1) under the
assumption that output voltage of each module is adjustable from 0.5Vx to 1.5Vx.

In the case of 12 modules, or four modules for each AC phase, the output voltage may be
adjusted from 0.5Vx to 6Vx (for a ratio of 12:1) under the assumption that the output voltage of

each module is adjustable from 0.5vx to 1.5Vx.

In general, in order to utilize all the modules under all the conditions, an even number of
modules in each AC phase may be used. In the examples above, if two modules are used for each
phase (e.g., as shown in Tables 1A and 1B), a final output voltage of 1*Vx and 2*Vx may be
generated substantially without double line frequency (e.g., 120 Hz) ripple. If four modules are
used in each AC phase (e.g., as shown in Tables 2A and 2B), a final output voltage of 1*Vx,
2*Vx, and 4*Vx may be generated without double line frequency ripple. In such embodiments, a
sub-combination of three converter modules in each phase may be used. The outputs of the three
modules in each sub-combination are connected together in parallel. The inputs of the three
modules in each sub-combination are connected to three different phases of the AC voltage, with
the first module connected to phase AB, the second module connected to phase BC, and the third

module connected to phase CA.

For example, if six modules are used for each AC phase, a total of 18 modules are used
for the three phase system. In this way, the final output voltage Vour may be set at Vx, 2Vx, 3Vx,
and 6Vx. If eight modules are used for each AC phase, total of a total of 24 modules are used for
the three-phase system. The final output voltage Vout may be set at Vx, 2Vx, 4Vx, and 8Vx.
Therefore, based on the required final output voltage variation range for a given application, the
number of converter modules for each phase may be selected to meet the requirement, where the

sub-combination substantially cancels the double line frequency ripple.

In the above description, line to line AC voltage is used as an example. For example, Vas

indicates the line to line voltage between phase A and phase B. However, embodiments may also
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be used with phase voltage. For example, the input of converter module A1 may be connected to
phase A voltage, Va; the input of converter module B1 may be connected to phase B voltage Vs;

and the input of converter module C1 may be connected to phase C voltage Vc.

Example. Simulation Results of a 60 kW Rectifier

A 60 kW simulation model with six converter modules was built in the PSIM (Powersim
Inc., Troy, MI, U.S.A.) environment to verify the performance of a three-phase reconfigurable
module rectifier embodiment with two modules in each phase. In the design of each converter
module, a variable output voltage with a gain ratio of 2 was used for the output of each
transformer (0.5%Vx to Vx). In this design, the output voltage variation range of each module
(.e., Voa1, Voaz, VoB1> Vo2, Voc1, and V) was designed to be from 200 V to 400 V, so that
with Mode 1 the output voltage range was from 200V to 400V, with Mode 2 the output voltage
range was from 400 V to 800 V, and with Mode 3 the output voltage range was from 600 V to
1200 V. Therefore, a full wide output voltage range of 200 V to 1200 V was covered by

reconfiguring the output of the rectifier according to the three modes.

Table 3 lists the parameters used for the simulation of the designed rectifier. The turns
ratio of the transformer was designed such that the lower limit of the output voltage (i.e., 200 V)
was achieved around the series resonant frequency. As described in [10], for a single-stage LLC
converter to achieve proper PFC, the switching frequency varies between the parallel resonant
frequency and series resonant frequency. The switching frequency range in this design was set
between 120 kHz and 320 kHz. The rated power of each module was 10 kW, and the maximum
output current of each module was delivered for the minimum output voltage condition of each
module (i.e., 50 A at 200 V). The total output capacitance was only 200 puF in Mode 1 and Mode
2, and it was 2 mF for Mode 3. As mentioned above, in Mode 3 the output of three phases is
connected in series, and hence the double line frequency current ripple is not cancelled in the
output capacitors, which requires additional larger output capacitors connected to the converter
module outputs. As discussed, large output capacitors in Mode 3 may be avoided by using four
converter modules in each phase. For the control of the proposed rectifier, multiple independent
inner current loops were implemented one for each module to perform the PFC on each module

and one outer voltage loop is implemented to regulate the output voltage.
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Table 3. Parameters used in the simulation with two converter modules in each phase.

Vrms

Line Frequency

60 Hz

Output Voltage Range (V)

200 Ve - 1200 Ve

Maximum Output Power (P,)

10kW x 6

Maximum Output Current of Each

Phase

50A

Switching Frequency Range

120 kHz - 320 kHz

Magnetizing Resonant Inductor (L,,,) | 50 uH
Series Resonant Inductor (L) 10 uH
Series Resonant Capacitor (C,) 25 nF
Transformer Turns Ratio (N,,: Ny) 34:1
Total Output Capacitance 33 uF x 6

Figs. 4-7 show the simulation results, where, from top to bottom, the plots show the three
phase rectifier output voltage Vo, the output current Lo, the output voltage of each converter
module Va1, Voaz, Vo1, Vo2, Voc1, and Voo, the input three phase line to line voltage Vab, Voe,
Vea, the input current for each phase Iipa1, linaz, ling1> ling2> linc1> and Iz, and the resonant

current for each phase I;41, Iraz, Irg1, Irg2, Irc1, and Iics.

Fig. 4 shows the simulation results for the 200 V output voltage condition while the
rectifier is operating in Mode 1. As indicated in Table 1A and shown in Fig. 3A, the outputs of
all six modules are connected in parallel, and hence all converter module output voltages (i.e.,
Voa1> Voaz, Vor1, VoB2> Voc1, and Vy¢,) are equal to 200 V and there is substantially no low
frequency current flowing into the output capacitors as indicated by a very low peak-to-peak

output voltage ripple. It is observed that the waveforms of liya1, linaz, ling1, ling2> linc1, and
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lince are sinusoidal and therefore, that PFC was achieved, and the input currents are sinusoidal
with minimal harmonics. In this case, the frequency of the resonant tank was modulated at the

parallel resonant frequency and the series resonant frequency to achieve PFC.

Fig. 5 shows the simulation results for the 400 V output voltage condition while the
rectifier is still operating in Mode 1. Similar to the 200 V condition all converter module output
voltages were set to 400 V and there was substantially no low-frequency ripple in the output
capacitors, as indicated by a very low peak-to-peak output voltage ripple of only around 1 V. The

power factor was also close to unity as indicated by the sinusoidal three-phase currents.

Fig. 6 shows the simulation results for the 800 V output voltage condition while
operating in Mode 2. Referring to Table 1A and as shown in Fig. 3C, the first modules of each
phase were connected in parallel, and the second modules of each phase were connected in
parallel, resulting in two substantially pure 400 V DC voltages that were connected in series to
generate 800 V. As can be observed from Fig. 6 the converter module output voltages were

substantially ripple-free DC at 400 V, as described above.

Fig. 7 shows the simulation results for the 1200 V output voltage condition while
operating in Mode 3. Referring to Table 1A and as shown in Fig. 3D, both converter modules in
each phase were connected in parallel and the three-phases were connected in series. As can be
observed from the converter module output voltages in Fig. 7 there was a double line frequency
current ripple in the output capacitor of each phase. However, the total output voltage Vo had
substantially no low frequency current, and the peak-to-peak voltage ripple was around 1V,

although this may have been influenced by the simulation.

It is noted that the 1200 V output voltage level may be achieved with four converter
modules in each phase with Mode 3 output configuration as shown in Tables 2A and 2B. In this
condition, the first, second, third, and fourth converter modules of each phase are connected in
parallel to the respective converter modules in other phases and then the resulting four DC
voltages are connected in series. Hence, with a 0.5%Vx to Vxvoltage ratio, the output voltage can

vary from 1200 V to 2400 V.

All cited documents are incorporated herein by reference in their entirety.
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EQUIVALENTS

Those of ordinary skill in the art will recognize, or be able to ascertain through routine
experimentation, equivalents to the embodiments described herein. Such equivalents are within

the scope of the invention and are covered by the appended claims.
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CLAIMS
1. A three phase rectifier, comprising:

n converter modules in each phase A, B, and C of the three phase rectifier, each of the n
converter modules in each phase A, B, and C having an input that receives an AC voltage and an
output that outputs a DC voltage;

wherein the AC inputs of the n converter modules of phase A are connected together in
parallel, the AC inputs of the n converter modules of phase B are connected together in parallel,
and the AC inputs of the n converter modules of phase C are connected together in parallel;

wherein the DC output of a first converter module of phase A, the DC output of a first
converter module of phase B, and the DC output of a first converter module of phase C are
connected together in parallel as a first sub-combination DC output;

wherein the DC output of a n converter module of phase A, the DC output of a n
converter module of phase B, and the DC output of a n'! converter module of phase C are
connected together in parallel as a n sub-combination DC output;

a mode switcher having inputs connected to respective first to n sub-combination DC
outputs and having an output that outputs a total output DC voltage;

wherein the mode switcher connects the first to nt sub-combination DC outputs together
in selected modes to produce a range of total output DC voltage;

wherein the range of total output DC voltage is substantially free of double line frequency
ripple;

wherein the converter modules are implemented without electrolytic output capacitors.

2. The three phase rectifier of claim 1, wherein the selected modes are selected from series,

parallel, and series-parallel connections of the first to n'™ sub-combination DC outputs.

3. The three phase rectifier of claim 1, comprising n = 2 converter modules in each phase A,

wherein each converter module has an output DC voltage of Vx;

wherein the range of total output DC voltage is from Vx to 2Vx.
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4. The three phase rectifier of claim 1, comprising n = 4 converter modules in each phase A,

wherein each converter module has an output DC voltage of Vx;

wherein the range of total output DC voltage is from Vx to 4Vx.

5. The three phase rectifier of claim 1, wherein the n converter modules in each phase A, B,

C are substantially the same.

6. The three phase rectifier of claim 1, wherein the n converter modules are selected from
LLC resonant converter, boost converter, dual active bridge (DAB) converter, LCLC converter,
active clamp boost converter, flyback converter, SEPIC converter, Zeta converter, and Cuk

converter.

7. The three phase rectifier of claim 1, wherein the n converter modules are LLC resonant

converters.

8. The three phase rectifier of claim 1, wherein the mode switcher automatically selects a

mode to deliver a selected total output DC voltage to a load.

9. The three phase rectifier of claim 1, wherein a three phase AC input source is configured

as line-to-line voltage.

10.  The three phase rectifier of claim 1, wherein a three phase AC input source is configured

as phase voltage.

11.  An electric vehicle charger comprising the three phase rectifier of claim 1.

12. A method for implementing a three phase rectifier, comprising:
providing n converter modules in each phase A, B, and C of the three phase rectifier,
each of the n converter modules in each phase A, B, and C having an input that receives an AC

voltage and an output that outputs a DC voltage;

-23.-

Date Regue/Date Received 2023-06-27



10

15

20

25

30

wherein the AC inputs of the n converter modules of phase A are connected together in
parallel, the AC inputs of the n converter modules of phase B are connected together in parallel,
and the AC inputs of the n converter modules of phase C are connected together in parallel;

wherein the DC output of a first converter module of phase A, the DC output of a first
converter module of phase B, and the DC output of a first converter module of phase C are
connected together in parallel as a first sub-combination DC output;

wherein the DC output of a n™ converter module of phase A, the DC output of a '
converter module of phase B, and the DC output of a n'! converter module of phase C are
connected together in parallel as a n sub-combination DC output;

connecting the first to n sub-combination DC outputs together in selected modes to
produce a range of total output DC voltage;

wherein the range of total output DC voltage is substantially free of double line frequency
ripple;

wherein the converter modules are implemented without electrolytic output capacitors.

13.  The method of claim 12, comprising using a mode switcher to connect the first to n® sub-
combination DC outputs together in selected modes to produce the range of total output DC

voltage.

14. The method of claim 12, wherein the selected modes are selected from series, parallel,

and series-parallel connections of the first to n™ sub-combination DC outputs.

15.  The method of claim 12, comprising providing n = 2 converter modules in each phase A,
B,C;

wherein each converter module has an output DC voltage of Vx;

wherein the range of total output DC voltage is from Vx to 2Vx.

16.  The method of claim 12, comprising providing n = 4 converter modules in each phase A,
B,C;

wherein each converter module has an output DC voltage of Vx;

wherein the range of total output DC voltage is from Vx to 4Vx.
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17. The method of claim 12, wherein the n converter modules are selected from LLC
resonant converter, boost converter, dual active bridge (DAB) converter, LCLC converter, active
clamp boost converter, flyback converter, SEPIC converter, Zeta converter, and Cuk converter.

18. The method of claim 12, wherein the n converter modules are LLC resonant converters.

19.  The method of claim 12, comprising automatically selecting a mode to deliver a selected

total output DC voltage to a load.

20.  The method of claim 12, comprising configuring the three phase rectifier as an electric

vehicle charger.
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