
(12) STANDARD PATENT (11) Application No. AU 2008218769 B2
(19) AUSTRALIAN PATENT OFFICE

(54)

(51)

Title
3-phase high power ups

(21)

(87)

(30)

(31)

(43)
(44)

(71)

(72)

(74)

(56)

International Patent Classification(s)
H02J 1/10 (2006.01) H02M 3/158 (2006.01)
H02J 7/00 (2006.01) H02M 7/217 (2006.01)
H02J 9/06 (2006.01) H02M 7/483 (2007.01)

Application No: 2008218769 (22) Date of Filing: 2008.02.20

WIPONo: WO08/103696

Priority Data

Number
11/677,303

(32) Date
2007.02.21

(33) Country
US

Publication Date: 2008.08.28
Accepted Journal Date: 2012.01.12

Applicant(s)
American Power Conversion Corporation

Inventor(s)
Nielsen, Henning Roar

Agent / Attorney
Cullens Patent and Trade Mark Attorneys, Level 32 239 George Street, Brisbane, QLD, 
4000

Related Art
WO 2005/101634 A1



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

CORRECTED VERSION

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date 
28 August 2008 (28.08.2008) PCT (10) International Publication Number

WO 2008/103696 A8
(51) International Patent Classification:

H02J1/10 (2006.01) 
H02J 7/00 (2006.01) 
H02J 9/06 (2006.01)

H02M 3/158 (2006.01) 
H02M 7/217 (2006.01) 
H02M 7/483 (2007.01)

(21) International Application Number:
PCT/US2008/054365

(22) International Filing Date:
20 February 2008 (20.02.2008)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
11/677,303 21 February 2007 (21.02.2007) US

(71) Applicant (for all designated States except US)·. AMER­
ICAN POWER CONVERSION CORPORATION 
[US/US]; 132 Fairgrounds Road, West Kingston, RI 02892 
(US).

(72) Inventor; and
(75) Inventor/Applicant (for US only)·. NIELSEN, Henning, 

Roar [DK/DK]; Aabakkevej 14, DK-5464Benderup (DK).

(74) Agents: SULLIVAN, Thomas, M. et al.; Lowrie, Lando 
& Anastasi, Lip, One Main Street, Eleventh Floor, Cam­
bridge, MA 02142 (US).

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available)·. AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, 
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, 
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 
IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, 
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, 
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, 
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, 
SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, 
ZA, ZM, ZW.

/ Continued on next page]

w
o 

20
08

/1
03

69
6 a

s III
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
I1

(54) Title: 3-PHASE HIGH POWER UPS

45

(57) Abstract: A 3 -phase uninterruptible power supply 
(UPS) (5) including first (11), second (21), and third (31) 
AC/DC converters, a DC/DC converter (41), and at least one 
DC/AC converter (12) coupled to multiple electrical buses 
(60, 61, 62, 63, 64). The first, second, and third AC/DC 
converters each being configured to receive AC power and 
to provide multiple DC signals to the multiple electrical 
buses. The DC/DC converter being configured to convert 
DC voltages present on the multiple electrical buses to a DC 
voltage that can be used to charge a battery (50). The DC/AC 
converter being configured to receive DC power from the 
multiple electrical buses and to provide an AC output. Due 
to the lower DC voltage a better efficiency and smaller size 
are achieved.



WO 2008/103696 A8 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIN

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, 
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, 
CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— as to applicant’s entitlement to apply for and be granted a 

patent (Rule 4.17(H))

— as to the applicant’s entitlement to claim the priority of the 
earlier application (Rule 4.17(iii))

Published:
— with international search report

(88) Date of publication of the international search report:
24 December 2008

(48) Date of publication of this corrected version:
19 February 2009

(15) Information about Correction:
see Notice of 19 February 2009



20
08

21
87

69
 

22
 N

ov
 2

01
1

-1 -

3-PHASE HIGH-POWER UPS

BACKGROUND OF INVENTION

Uninterruptible power supplies (UPSs) including voltage converters are

5 fundamental parts of many electrical systems such as power supply systems for computers 

and servers in data centers. UPSs can be used with many typical power systems including 

single and 3-phase connections, and can be used with low-power systems (e.g., a 

household computer) and high-power systems (e.g., large data centers or process facilities). 

High-power systems typically use a 3-phase power connection (e.g., X, Y, and Z phases).

10 A 3-phase UPS voltage converter is typically used to provide 3-phase AC power to a 3- 

phase load, to convert a 3-phase AC voltage from one level to another, and to provide 3- 

phase power to a load in the event of a power failure. The input and output connections to 

a 3-phase UPS voltage converter are typically three- or four-terminal connections, one 

connection for each phase of the 3-phase power connection and an optional neutral

15 connection. A battery is also typically coupled to the UPS voltage converter and is used to 

store energy for use in case of a power failure.

Typical high power (e.g., above 100 kW) UPSs are operated using nominal AC 

input voltages of 3x400 V (in Europe) or 3x480 V (in the U.S.). Transformerless UPSs 

may operate with an internal DC bus voltage of ±450 V. In such a configuration,

20 components contained in the UPS are preferably rated for at least 1200 V operation due to 

large voltage overshoots associated with stray inductances of physically large insulated 

gate bipolar transistor (IGBT) modules. The use of 1200 V components, however, 

typically leads to increased conduction and switching losses, thus lowering the efficiency.

25 SUMMARY OF INVENTION

According to one aspect, the invention provides an uninterruptible power supply 

(UPS) including a plurality of electrical buses, a first AC/DC converter coupled to the 

electrical buses and configured to receive a first input AC voltage and to convert the first 

input AC voltage to a plurality of DC voltages, the first AC/DC converter being configured

30 to convey the plurality of DC voltages to the plurality of electrical buses, a second AC/DC 

converter coupled to the electrical buses and configured to receive a second input AC 

voltage and to convert the second input AC voltage to the plurality of DC voltages, the 

second AC/DC converter being configured to convey the plurality of DC voltages to the
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plurality of electrical buses, a third AC/DC converter coupled to the electrical buses and 

configured to receive a third input AC voltage and to convert the third input AC voltage to 

the plurality of DC voltages, the third AC/DC converter being configured to convey the 

plurality of DC voltages to the plurality of electrical buses, a DC/DC converter coupled to

5 the plurality of electrical buses and configured to, convert the plurality of DC voltages to a

battery DC voltage, and convert the battery DC voltage to the plurality of DC voltages, a 

first DC/AC converter coupled to the plurality of electrical buses and configured to receive 

the plurality of DC voltages and to convert the plurality of DC voltages into a first output 

AC voltage, and a DC bus balancer including a resonant tank configured to maintain

10 voltages present on the electrical buses at desired levels, the DC bus balancer being

configured to transfer energy between the plurality of electrical buses using the resonant 

tank, wherein the first, second, and third AC/DC converters are configured such that the 

first, second, and third AC/DC converters convey the plurality of DC voltages to the 

plurality of electrical buses when the first, second, and third input AC voltages are within a

15 predetermined threshold, wherein the DC/DC converter is configured such that the DC/DC 

converter conveys the plurality of DC voltages to the plurality of the electrical buses when 

the first, second, and third input AC voltages are not within the predetermined threshold.

Embodiments of the invention may provide one or more of the following features. 

The UPS further includes a second DC/AC converter coupled to the plurality of electrical

20 buses and configured to receive the plurality of DC voltages and to convert the plurality of 

DC voltages into a second output AC voltage, and a third DC/AC converter coupled to the 

plurality of electrical buses and configured to receive the plurality of DC voltages and to 

convert the plurality of DC voltages into a third output AC voltage. The first, second, and 

third DC/AC converters are configured to convey 3-phase power to a load. The DC/DC

25 converter is configured to convert the plurality of DC voltages to the battery DC voltage 

when the first, second, and third input AC voltages are within a predetermined range, and 

the DC/DC converter is configured to convert the battery DC voltage to the plurality of DC 

voltages when the first, second, and third input AC voltages are not within the 

predetermined range. A battery is coupled to the DC/DC converter and is configured to

30 receive and be charged by the battery DC voltage, and convey the battery DC voltage to 

the DC/DC converter. The first AC/DC converter is coupled to a first phase of a 3-phase 

power source, the second AC/DC converter is coupled to a second phase of a 3-phase
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power source, and the third AC/DC converter is coupled to a third phase of a 3-phase 

power source.

According to another aspect, the invention provides a method of operating an 

uninterruptible power supply (UPS), the UPS including a plurality of electrical buses, the

5 method comprising converting each one of a plurality of AC input voltages to a plurality of 

DC voltages conveyed to a plurality of electrical buses when respective AC input voltages 

are within a predetermined threshold; converting the plurality of DC voltages to a battery 

DC voltage; converting the battery DC voltage to the plurality of DC voltages conveyed to 

the plurality of electrical buses when respective AC input voltages are not within the

10 predetermined threshold; converting the plurality of DC voltages into an AC output

voltage; and transferring energy between the plurality of electrical buses using a resonant 

tank included in a DC bus balancer to maintain voltages present on the electrical buses at 

desired levels.

There is also disclosed herein, an AC/DC converter including an input configured

15 to receive an AC power signal having a positive peak voltage and a negative peak voltage, 

first, second, third, and fourth outputs, an inductor coupled to the input, first and second 

switches coupled in series between the inductor and the first output, the first switch being 

coupled to the inductor, a third switch coupled to the junction of the first and second 

switches and the second output, fourth and fifth switches coupled in series between the

20 inductor and the fourth output, the fourth switch being coupled to the inductor, a sixth 

switch coupled to the junction of the fourth and fifth switches and the third output, a first 

diode coupled in parallel with the first switch, a second diode coupled in parallel with the 

second switch, a third diode coupled in parallel with the third switch, a fourth diode 

coupled in parallel with the fourth switch, a fifth diode coupled in parallel with the fifth

25 switch, and a sixth diode coupled in parallel with the sixth switch.

Embodiments of the AC/DC converter may further provide one or more of the

following features. The AC/DC converter further includes a controller coupled to the first, 

second, third, fourth, fifth, and sixth switches. The controller is configured to toggle the 

first, second, third, fourth, fifth, and sixth switches such that a first output DC voltage is

30 conveyed to the first output, a second output DC voltage, is conveyed to the second output, 

a third output DC voltage is conveyed to the third output, and a fourth output DC voltage is

I
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conveyed to the fourth output. The first output DC voltage is equal to or greater than the 

positive peak input voltage multiplied by

the second output DC voltage is substantially equal to one-third of the first output DC 

voltage, the third output DC voltage is substantially equal to one-third of the fourth output 

DC voltage, and the fourth output DC voltage is equal to or less than the negative peak 

input voltage multiplied by

Embodiments of the AC/DC converter may further provide one or more of the 

following features. The controller is further configured to cause, when an instantaneous 

voltage of the AC power signal is between the first and second output DC voltages, the 

AC/DC converter to operate in a first state where the first switch is toggled on, the second 

switch is repeatedly toggled on and off, the third switch is repeatedly toggled on and off, 

the fourth switch is toggled off, the fifth switch is toggled off, the sixth switch is toggled 

on, cause, when the instantaneous voltage of the AC power signal is between the second 

and third output DC voltages, the AC/DC converter to operate in a second state where, the 

first switch is repeatedly toggled on and off, the second switch toggled off, the third switch 

is toggled on, the fourth switch is repeatedly toggled on and off, the fifth switch is toggled 

off, the sixth switch is toggled on1, cause, when the instantaneous voltage of the AC power 

signal is between the third and fourth output DC voltages, the AC/DC converter to operate 

in a third state where, the first switch is toggled off, the second switch toggled off, the third 

switch is toggled on, the fourth switch is toggled on, the fifth switch is repeatedly toggled 

on and off, and the sixth switch is repeatedly toggled on and off. The controller is pulse 

width modulation (PWM) controller. The PWM controller is configured to use a feedback 

loop to control the actuation of the first, second, third, fourth, fifth, and sixth switches.

The AC/DC converter further includes a capacitor coupled between the input and a neutral. 

The AC/DC converter further including a first capacitor coupled between the first and 

second outputs, a second capacitor coupled between the second output and a neutral, a 

third capacitor coupled between the neutral and the third output, and a fourth capacitor 

coupled between the third output and the fourth output.
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There is also disclosed hei ein, a DC/AC converter configured to convey an AC 

power signal having a positive peak voltage and a negative peak voltage, the DC/AC 

converter including an output configured to convey the AC power signal, first, second, 

third, and fourth inputs, each being configured to receive a respective input voltage, a filter

5 coupled to the output, first and second switches coupled in series between the filter and the 

first input, the first switch being coupled to the filter, a third switch coupled to a junction of 

the first and second switches and the second input, fourth and fifth switches coupled in 

series between the filter and the fourth input, the fourth switch being coupled to the filter, a 

sixth switch coupled to a junction of the fourth and fifth switches and the third input, a first

10 diode coupled in parallel with the first switch, a second diode coupled in parallel with the 

second switch, a third diode coupled in parallel with the third switch, a fourth diode 

coupled in parallel with the fourth switch, a fifth diode coupled in parallel with the fifth 

switch, and a sixth diode coupled in parallel with the sixth switch.

Embodiments of the DC/AC converter may provide one or more of the following

15 features. The DC/AC converter further includes a controller coupled to the first, second, 

third, fourth, fifth, and sixth switches. The controller is configured to toggle the first, 

second, third, fourth, fifth, and sixth switches such that the AC power signal is induced at 

the output. The controller is configured to toggle the first, second, third, fourth, fifth, and 

sixth switches such that the positive peak voltage of the output AC power signal is less

20 than the DC voltage conveyed to the first input multiplied by

Vi ,

the negative peak voltage of the output AC power signal is greater than the DC voltage 

conveyed to the fourth input multiplied by

25

A
4Ϊ'

The controller is configured to cause, when the AC power signal is between the DC 

voltages conveyed on the first and second inputs, the DC/AC converter to operate in a first 

state where the first switch is toggled on, the second switch is repeatedly toggled on and 

off, the third switch is repeatedly toggled on and off, the fourth switch is toggled off, the
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fifth switch is toggled off, the sixth switch is toggled on, cause, when the AC power signal 

is between the DC voltages conveyed on the second and third inputs, the DC/AC converter 

to operate in a second state where the first switch is repeatedly toggled on and off, the 

second switch toggled off, the third switch is toggled on, the fourth switch is repeatedly

5 toggled on and off, the fifth switch is toggled off, the sixth switch is toggled on, cause, 

when the AC power signal is between the DC voltages conveyed on the third and fourth 

inputs, the DC/AC converter to operate in a third state where the first switch is toggled off, 

the second switch toggled off, the third switch is toggled on, the fourth switch is toggled 

on, the fifth switch is repeatedly toggled on and off, and the sixth switch is repeatedly

10 toggled on and off.

Embodiments of the DC/AC converter may further provide one or more of the 

following features. The filter includes an inductor coupled between the output and the 

junction of first and fourth switches, and a capacitor coupled between the output and a 

neutral. The first, second, third, fourth, fifth, and sixth switches are configured to be

15 controlled by a pulse width modulation (PWM) controller. The PWM controller coupled 

to the output and configured to control the actuation of the first, second, third, fourth, fifth, 

and sixth switches in accordance with a voltage level of the output. The AC/DC converter 

further includes a first capacitor coupled between the first and second inputs, a second 

capacitor coupled between the second input and a neutral, a third capacitor coupled

20 between the neutral and the third input, and a fourth capacitor coupled between the third 

and fourth inputs.

There is further disclosed herein, a DC/DC converter for use with a battery, the 

DC/DC converter including first and second battery nodes configured to be coupled to the 

battery, first, second, third, fourth bus nodes, first and second switches coupled in series

25 between the first and second bus nodes wherein the first switch is coupled to the first bus 

node and the second switch is coupled to the second bus node, a first buck-boost converter 

coupled to a junction of the first and second switches, to a neutral, and to the first battery 

node, third and fourth switches coupled in series between the third and fourth bus nodes 

wherein the third switch is coupled to the third bus node and the fourth switch is coupled to

30 the fourth bus node, and a second buck-boost converter coupled to a junction of the third 

and fourth switches, to the neutral, and to the second battery node, a first diode coupled 

across the first switch, a second diode coupled across the second switch, a third diode
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coupled across the third switch, a fourth diode coupled across the fourth switch, wherein 

the DC/DC converter is configured to operate in a first state to charge the battery using 

energy conveyed by at least one of the first, second, third, and fourth bus nodes, and 

wherein the DC/DC converter is configured to operate in a second state to convey a DC

5 voltage to at least one of the first, second, third, and fourth bus nodes using energy 

conveyed by the battery.

Embodiments of the DC/DC converter may provide one or more of the following 

features. In the first state, the first and second buck-boost converters function as a buck- 

converter, and in the second state the first and second buck-boost converters function as a

10 boost converter. The first buck-boost converter includes a first inductor coupled to the 

junction of the first and second switches and to the first battery node, a first capacitor 

coupled between the first battery node and the neutral, the second buck-boost converter 

includes a second inductor coupled to the junction of the third and fourth switches and the 

second battery node, a second capacitor coupled between the second battery node and the

15 neutral. The DC/DC converter further includes a controller coupled to the first, second, 

third, and fourth switches. The controller is configured to, in the first state repeatedly 

toggle the first and fourth switches on and off, switch the second and third switches to an 

off state, in the second state, switch the first and fourth switches to an off state, and 

repeatedly toggle the second and third switches on and off. The controller is a pulse width

20 modulation (PWM) controller. The controller is configured to use a feedback loop to

control the first, second, third, and fourth switches. The DC/DC converter further includes 

a third battery node coupled to the neutral. The DC/DC converter further includes a first 

capacitor coupled between the first and second bus nodes, a second capacitor coupled 

between the second bus node and the neutral, a third capacitor coupled between the neutral

25 node and the third bus node, and a fourth capacitor coupled between the third and fourth 

bus nodes.

There is also disclosed herein, a circuit for use with four-level DC power including 

first, second, third, and fourth voltages, the circuit including first, second, third, and fourth 

nodes configured to receive the four-level DC power, first, second, third, fourth, fifth, and

30 sixth switches coupled in series between the first and fourth nodes, wherein the second

node is coupled to a junction of the second and third switches and the third node is coupled 

to a junction of the fourth and fifth switches, a first diode coupled in parallel with the first
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I

switch, a second diode coupled in parallel with the second switch, a third diode coupled in 

parallel with the third switch, a fourth diode coupled in parallel with the fourth switch, a 

fifth diode coupled in parallel with the fifth switch, a sixth diode coupled in parallel with 

the sixth switch, a first resonant tank coupled to a junction of the first and second switches

5 and to the junction of the third and fourth switches, and a second resonant tank coupled to 

the junction of the third and fourth switches and to the junction of the fifth and sixth 

switches, wherein the first and second resonant tanks are configured to shift energy 

between at least two of the first, second, third, and fourth nodes if an absolute value of the 

first voltage differs from an absolute value of the fourth voltage, and wherein the first and

10 second resonant tanks are configured to shift energy between at least two of the first,

second, third, and fourth nodes if an absolute value of the second voltage differs from an 

absolute value of the third voltage.

. Embodiments of the circui t may provide one or more of the following features.

The first resonant tank includes a first capacitor coupled in series with a first inductor, and

15 the second resonant tank includes a second capacitor coupled in series with a second 

inductor. The circuit further includes a controller configured to actuate the first, second, 

third, fourth, fifth, and sixth switches into respective on and off states. The controller is a 

pulse width modulation (PWM) controller. The controller is configured to cause the circuit 

to operate in one of two states, wherein in a first state the first, third, and fifth switches are

20 in the respective on states and the second, fourth, and sixth switches are in their respective 

off states, and in a second state, the first, third, and fifth switches are in their respective off 

states and the second, fourth, and sixth switches are actuated in their respective on states. 

The controller is configured to cause the circuit to repeatedly alternate between the first 

and the second states at a frequency substantially equal to the resonant frequencies of the

25 first and second resonant tanks. The controller is configured to cause the circuit to 

repeatedly alternate between the first and second states such that amplitudes of square 

waves induced at junctions of the second and third switches, the third and fourth switches, 

and the fifth and sixth switches are substantially equal when the absolute value of the first 

and fourth voltages are substantially equal and the absolute value of the second and third

30 voltages are substantially equal. The controller is configured to cause the first, second, 

third, fourth, fifth, and sixth switches alternate between the first and second states at 

substantially a fifty percent duty cycle. The circuit further includes a third inductor
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coupled between the junction of the third and fourth swb.ches and a neutral. The circuit 

further includes a first capacitor is coupled between the first and the second node, a second 

capacitor is coupled between the second node and a neutral, a third capacitor is coupled 

between the neutral and the third node, and a fourth capacitor is coupled between the third

5 node and the fourth node.

There is also disclosed herein, an AC/DC converter including an input configured 

to receive an AC power signal having a positive peak voltage and a negative peak voltage, 

first, second, third and fourth outputs, an inductor coupled to the input, a first circuit 

coupled to the inductor and to the first and second outputs, the first circuit being

10 configured to operate in at least three states, wherein in a first state the first circuit is

configured such that the inductor charges, and a first substantially DC voltage is conveyed 

to the second output, in a second state the first circuit is configured such that the inductor 

discharges, and a second substantially DC voltage is conveyed to the first output, in a third 

state the first circuit is configured such that the inductor discharges, and the first

15 substantially DC voltage is conveyed to the second output, a second circuit coupled to the 

inductor and to the third and fourth outputs, the second circuit being configured to operate 

in at least three states, wherein in a first state, the second circuit is configured to such that 

the inductor charges, and a third substantially DC voltage is conveyed to the third output, 

in a second state, the second circuit is configured such that the inductor discharges, and a

20 fourth substantially DC voltage is conveyed to the further output, and in a third state, the 

second circuit is configured such that the inductor charges, and the third substantially DC 

voltage is conveyed to the third output.

Embodiments of the AC/DC converter may provide one or more of the following 

features. An absolute value of the first and fourth substantially DC voltages are

25 substantially equal, and an absolute value of the second and third substantially DC voltages 

are substantially equal. The first substantially DC voltage is equal or greater than the 

positive peak voltage multiplied by

30 the second substantially DC voltage is substantially equal to one-third of the first

substantially DC voltage, the third substantially DC voltage is substantially equal to one-

I
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The AC/DC converter further includes a controller configured to control which state the 

first and second circuits operate in. The controller is configured to vary the duty cycle of 

when the first circuit operates in the first and second states, and vary the duty cycle of 

when the second circuit operates in the first and second states. The controller is a pulse 

width modulation (PWM) controller.

Various aspects of the UPS may provide one or more of the following capabilities. 

Reliable 3-phase power can be provided to a load. Physical size of a 3-phase UPS can be 

reduced compared to prior techniques. Efficiency can be increased compared with prior 

techniques. A transformerless circuit can be used to convert AC power to DC, DC power 

to AC, and DC power from a first voltage to a second voltage. IGBT switching losses can 

be reduced compared to prior tecliniques. Components having a lower voltage rating can 

be used when compared with prior techniques. Heat losses can be reduced compared with 

prior techniques. The desire for flying capacitors and/or clamp diodes can be reduced, 

when compared with prior techniques. A voltage of a battery used with a UPS can be 

reduced compared to prior techniques. Unbalanced operation caused by a mismatch of the 

voltage provided to the input of a 3-phase UPS and the power drawn from the output of the 

3-phase UPS can be compensated without using a transformer.
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These and other capabilities of the invention, along with the invention itself, will be 

more fully understood after a review of the following figures, detailed description, and claims.

BRIEF DESCRIPTION OF FIGURES

5

10

15

20

25

30

FIG. I is a schematic diagram of a 3-phase UPS.

FIG. 2 is a circuit diagram of an AC/DC converter.

FIG. 3 is a graph representing an exemplary power signal provided to the AC/DC 

converter of FIG. 2.

FIGS. 4A-4C are graphs representing states of switching in the AC/DC converter of

FIG. 2.

FIG. 5 is a circuit diagram of a pulse width modulation control circuit.

FIG. 6 is a diagram of exemplary control signals for use with the pulse width 

modulation control circuit of FIG, 5.

FIG. 7 is a circuit diagram of a DC/AC converter.

FIG. 8 is a graph representing exemplary AC and DC power signals.

FIG. 9A-9C are graphs representing states of switches in the DC/AC convertor of FIG.

8.

FIG. 10 is a circuit diagram of an AC/AC converter.

FIG. 1 ] is a circuit diagram of a DC/’DC converter.

FIG. 12 is a circuit diagram of a DC bus balancer.

FIG. 13 is a graph representing exemplary signals for controlling switches included in 

the DC bus balance)· of FIG. 12.

FIG. 14 is a flowchart of a process for providing power from the 3-phase UPS shown in

FIG. 1.

DET Al LED D ES CRIPTI ON

Embodiments of the invention provide techniques for providing an uninterruptible 3- 

phase power supply to a load. For example, a transformerless 3-phase uninterruptible power 

supply includes AC/DC converters (e.g., power factor correction modules), DC/AC converters 

(e.g., inverters), a DC/DC conversion module, multiple DC buses, and a DC bus balancer. The 

AC/DC converters receive 3-phase AC power (e.g,, 3 x 400 V or 3 x 480 V phase-phase) from



WO 2008/103696 PCT/US2008/054365

5

10

15

20

25

30

- 11 -

a 3-phase power source and convert the 3-phase power into DC power (e.g., with multiple 

voltage levels). Each of the AC/DC converters receives one phase of the 3-phase power 

connection. Under normal operation (e.g., when suitable 3-phase power is received from the 3- 

phase power source), the DC power present on the DC buses provides power to the DC/AC 

converters. Furthermore, during normal operation, a DC/DC converter converts the DC power 

present on the DC buses to a voltage used to charge the battery. During other times (e.g., when 

the 3-phase power is insufficient or unavailable), DC power is provided to the DC/AC 

converters from the battery. The DC/AC converters convert the DC power into 3-phase AC 

power (e.g., each of the DC/AC converters provide a single phase of the 3-phase signal). The 

voltages received by the AC/DC converters and the voltages provided by the DC/AC 

converters can be equal or different. During normal operation or otherwise, the DC bus 

balancer balances the voltages present on the DC buses by shifting energy between the DC 

buses. Other embodiments are within the scope of the invention.

Referring to FIG. 1, a UPS 5 includes AC/AC modules 10,20, and 30, a DC/DC 

module 40, a battery 50, and buses 60, 61, 62, 63 and 64. The AC/AC module 10 includes an 

AC/DC converter 11 coupled to a DC/AC converter 12 via the buses 60, 61, 62, 63 and 64.

The AC/AC module 20 includes an AC/DC converter 21 coupled to a DC/AC converter 22 via 

the buses 60, 61,62, 63, and 64. The AC/AC module 30 includes and AC/DC converter 31 

coupled lo a DC/AC converter 32 via the buses 60, 61,62, 63, and 64. The DC/DC module 40 

includes a DC/DC converter 41 and a DC bus balancer 42. "[’he DC/DC converter 41 is 

coupled to the DC bus balancer 42 via the buses 60, 61, 62, 63 and 64, The AC/AC modules 

10, 20 and 30, and the DC/DC module 40 are interconnected via the buses 60, 61, 62, 63, and 

64. The UPS 5 is configured to provide power to a load (not shown) from either a 3-phase 

power feed coupled to the UPS 5 and/or from energy stored in the battery 50.

Each of the AC/AC modules 10, 20, and 30 are configured to receive one phase (e.g., 

the X, Y, or Z-phase) of a 3-phase power feed at a first AC voltage, and to provide a second 

AC voltage via an output. The AC/DC converter 11, includes inputs 13 and 14; the AC/DC 

converter 21 includes inputs 23 and 24; and the AC/DC converter 31 includes inputs 33 and 

34. The DC/AC converter 12 includes outputs 15 and 16; the DC/AC converter 22 includes 

outputs 25 and 26; and the DC/AC converter 32 includes outputs 35 and 36. Each of the 

AC/AC modules 10, 20, and 30 are configured ίο be coupled to one phase of a 3-phase power 

feed and to a neutrai connection. For example, the input 13 of the AC/DC converter 11 can be
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coupled to the X phase, the input 23 of the AC/DC converter 21 cart be coupled to the Y phase, 

and the input 33 of the AC/DC converter 31 can be coupled to the Z phase. The inputs 14, 24, 

and 34 are configured to be coupled to the neutral connection of the 3-phase power feed (or a 

ground connection). Each of the AC/AC modules 10, 20, and 30 are configured to provide an 

output including one phase of a 3-phase output, although other configurations are possible. For 

example, the output 15 can be configured to provide the X phase output, output 25 can be 

configured to provide the Y phase output, and 35 can be configured to provide the Z phase 

output. Each of the outputs 16, 26, and 36 are configured to be coupled to a neutral connection 

of a load. Each of the AC/AC modules 10, 20, and 30 are configured to share power via the 

buses 60, 61, 62, 63, and 64.

The DC/DC module 40 can receive power from (i.e., when in a charging state) and 

provide power to (i.e,, when in a discharging state) the AC/AC modules 10, 20, and/or 30. The 

DC/DC converter 41 is configured to be coupled to the battery 50 via connections 43, 44, and 

45. The connection 44, however, is optional. The battery 50 is preferably a lead acid battery, 

although other types of batteries can be used. The DC/DC module 40 is configured to provide 

DC power to the battery 50 (thereby charging the battery 50) when a desired 3-phase power 

feed is present at the inputs 13, 23 and 33 (i.e., the charging state). Likewise, the DC/DC 

module 40 is configured to provide one or more DC voltages, using energy from the battery 50, 

to the AC/AC modules 10, 20, and 30 in the absence of a desired 3-phase power feed at the 

inputs 13, 23, and 33 (i.e., the discharging state). The state that the DC/DC module 40 is 

operating is can be controlled by a controller (not shown) that is configured to monitor, for 

example, the 3-phase AC input. 'The DC/DC converter 41 is configured to, in the charging 

state, receive a DC voltage set from the AC/AC modules 10, 20, and 30 and to convert the DC 

voltage set to a DC battery-charge voltage desired by the battery 50, The DC/DC converter 41 

is further configured to, during the discharging state, receive DC power from the battery 50 at: 

the battery-charge voltage, and to convert it to the DC voltage set. The DC/DC converter 41 is 

configured to provide the DC voltage set to the AC/AC modules 3 0, 20 and 30 during the 

discharging state. The DC/DC converter 41 is coupled to the DC bus balancer 42 via the buses 

60, 61,62, 63 and 64. The DC bus balancer 42 is configured to balance voltages present on the 

buses 60, 61,62, 63, and 64, as will be described in more detail below.

The UPS 5 is configured to determine whether or not suitable input power is present on

the inputs to the AC/AC modules 10, 20, and/or 30. The UPS 5 can detect the presence of
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suitable power on the inputs to the AC/AC modules using one or more methods and/or 

circuitry. For example, the UPS 5 can include circuitry configured to determine whether an 

AC voltage present on the inputs 13, 23, and/or 33, if any, is at a desired level. The UPS 5 can 

also include circuitry configured to monitor what state the DC/DC converter 41 is operating in

5 (e.g., the charging or discharging state) and whether a DC voltage is present on the buses 60,

61, 63, and/or 64, For example, if the DC/DC converter 41 is operating in the charging state, 

and the respective DC voltage on the buses 60, 61,63 and/or 64 drops below a respective 

desired level, the circuitry can provide a signal indicating that the AC voltage being provided 

to the AC/AC converters 11,21, and 31 has dropped below desired levels. Other methods

10 and/or circuitry can be used to detect if the input AC voltage is below desired levels. The UPS 

5 is further configured to disconnect itself from the 3-phase power feed (e.g,, by setting 

switches (as described below) to off positions).

Pulse width modulation (PWM) controllers are configured to control the operation of at 

least some of the components in the UPS 5. For example, separate PWM controllers can be

] 5 used for the AC/DC converters 11,21, and 31, the DC/AC converters 12, 22, and 32, the 

DC/DC module 41, and the DC bus balancer 42, although other configurations are possible. 

For example, separate PWM controllers having the same physical configuration, but using 

different control signals, can be used, or alternatively, PWM controllers having non-identical 

physical configurations can be used. The PWM controller can be configured to control the

20 switching of a portion of the switches as a function of the frequency and phase of the AC input 

signal (e.g., using a feedback loop), or can be set in accordance with a desired output (e.g., to 

provide power of a desired frequency and phase to a load coupled to the DC/AC converters 12, 

22, and 32.

Referring to FIG. 2, an AC/DC converter 200 (e.g., an exemplary embodiment of the

25 AC/DC converters 11,21, and 31) includes diodes 205, 215, 225, 235, 245. and 255, switches 

2.10, 220, 230, 240, 250, and 260, a capacitor 280, and an inductor 285. The switches 210,

220, 230, 240, 250, and 260 are insulated gate bipolar transistors (IGBTs) although other 

switches can be used. Preferably, the switches 210, 220, 250, and 260 have a maximum 

voltage rating of 600V and the switches 230 and 240 have a maximum voltage rating of

30 1200V, although other voltage ratings are possible. An input 202 is configured to be coupled

to, for example, one phase of the 3-phase power feed (e.g., the X phase). Coupled between, the

input 202 and a ground connection is the capacitor 280, A node 286 of the inductor 285 is also
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coupled to the input 202. Coupled to a node 287 of the inductor 285 is an anode 227 of the 

diode 225, an emitter 232 of the switch 230, a cathode 236 of the diode 235, and a collector 

241 of tire switch 240. A cathode 226 of the diode 225 is coupled to a collector 231 of the 

switch 230. An anode 237 of the diode 235 is coupled to an emitter 242 of the switch 240.

The cathode 226, the collector 231, an anode 207 of the diode 205, an emitter 212 of the switch 

210, a cathode 216 of the diode 215, and a collector 221 of the switch 220 are coupled 

together. The anode 237, the emitter 242, an anode 247 of the diode 245, an emitter 252 of the 

switch 250, a cathode 256 of the diode 255, and a collector 261 of the switch 260 are coupled 

together. A cathode 206 of the diode 205 and a collector 211 of the switch 210 are coupled to 

an output 23 5. An anode 217 of the diode 215 and an emitter 222 of the switch 220 are 

coupled to an output 240. A cathode of 246 of the diode 245 and a collector 25 ί of the switch 

250 are coupled to an output 245. An anode 257 of the diode 255 and an emitter 262 of the 

switch 260 are coupled to an output 250. Gates 213, 223, 233, 243, 253, and 263 of the 

switches 210, 220, 230, 240, 250, and 260, respectively, are each coupled to a pulse width 

modulation controller 275 as will be described in more detail below. The outputs 265, 266, 

267, and 268 are configured to be coupled to the buses, 64, 63, 61, and 60, respectively. The 

inductor 258 preferably has an inductance of 100 uH, although other inductances can be used 

(e.g., depending on the power rating of the system 5). The capacitor preferably has a 

capacitance of 200 uF, although other capacitances can be used (e.g., depending on the power­

rating of the system 5).

The AC/DC converter 200 is configured to receive AC power from, for example, one 

phase of a 3-phase power connection and to provide a multi-level DC output via the outputs 

265, 266, 267, and 268. For example, when the AC/DC converter 200 is in operation and the 

input 202 is coupled to a 480 VAC power feed, the AC/DC converter 200 can to induce a 

voltage (relative ίο a neutral connection of the power feed) of about +450 VDC across the 

output 265 and the neutral connection, a voltage of about +150 VDC across the output 266 and 

the neutral, a vol tage of about -150 VDC across the output 267 and the neutral, and a voltage 

of about -450 VDC across the output 268 and the neutral. Likewise, the AC/DC converter 200 

is configured to induce a voltage of about 300 VDC across the outputs 265 and 266 (VI), the 

outputs 266 and 267 (V2), and the outputs 267 and 268 (V3).

Preferably the voltage induced on the outputs 265 and 268 is a function of the input

voltage. The voltage induced on the outputs 265 and 268 is preferably equal to or greater than
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the voltage across the capacitor 280 multiplied by 72 root). The voltage across the capacitor 

280 (i.e., the phase-neutral voltage) is preferably substantially equal to:

(Voltage at input 202)
= (Phase - NeutralVoltage) (1)
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(if a neutral connection is available) and the instantaneous peak voltage across the capacitor 

280 varies between ± (Phase-Neutral Voltage)(42 )). Preferably, the AC/DC converter 200 is 

configured such that the voltage provided on the output 265 is greater than the positive peak 

instantaneous voltage across the capacitor 280 and the voltage provided on the output 268 is 

lower than the negative peak instantaneous voltage across the capacitor 280. For example, 

assuming an input of 480 V at the input 202, the phase-neutral is approximately 277 Vrrns, and 

the instantaneous peak voltage across the capacitor 280 is about 392 V. Thus, in this example, 

the AC/DC converter 200 is configured such that the output 265 outputs a voltage of about 392 

V or greater (e.g., 450 V) and the output 268 outputs a voltage of about -392 or less (e.g., -450 

V). Increasing the difference between the absolute value of the voltages output on the outputs 

265 and 268 and the absolute value of the peak instantaneous voltages across the capacitor 280 

can increase the operating tolerance of the system 5.

T he combination of the capacitor 280, the inductor 285, and the switches 210, 220, 230, 

240, 250, and 260 is configured to act as a boost converter and to convert the AC signal 

provided to the input 202 into a four-level quasi-square wave (e.g., as shown as a signal 305 in 

FiG. 8) at the node 287 of the inductor 285. The voltage at the node 287 can vary depending 

on the state of the switches 210. 220, 230, 250, 260 (as described more fully below). For 

example, when the instantaneous value of the AC voltage present on the input 202 is between a 

first voltage level equal to the DC voltage at node 265 (e.g., 450 V, as determined by the 

configuration of the AC/DC converter 200) and a second voltage level equal to the DC voltage 

at the node 266 (e.g., 150 V), the square wave at the node of 287 of the inductor 285 switches 

between these values (here 450 V and 150 V); when the instantaneous value of the AC voltage 

present on the input 202 is between the second voltage level equal to the DC voltage at the 

node 266 and a third voltage level equal to the DC voltage at the node 267 (e.g,, -150 V), the 

square wave at the node 287 of the inductor 285switches between these values (e.g., -150 V 

and - 150 V); and when the instantaneous value of the AC voltage present on the input 202 is 

between the third voltage level equal to the DC voltage at the node 267 and a fourth voltage
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level equal to the DC voltage at the node 268 (e.g., -450 V), the square wave at the node 287 of 

the inductor 285 switches between these values (e.g., -150 V and -450 V). Furthermore, the 

combination of the capacitor 280 and the inductor 285 is configured to act as a low pass filter.

The AC/DC converter 200 is configured to induce voltages at the outputs 265, 266,

267, and 268 by switching the switches 210, 220, 230, 240, 250, and 260. The switches are 

configured to be actuated by the PWM controller 275. The PWM controller 275 is configured 

to control the switches 210, 220, 230, 240, 250, and 260 according to which one of three states 

the AC/DC converter 200 is operating in. Referring also to FIG. 3, the AC/DC converter 200 

is configured to operate in three states. The first state corresponds to when the input voltage 

received by the input 202 is above one-third of the voltage provided by the output 265 (e.g., if 

the peak input voltage is ±450 VAC, then the first state corresponds to when the input is above 

150 V). The second state corresponds to when the input received by the input 202 is between 

one-third of the voltage provided by the output 265, and one-third of the voltage provided by 

the output 268 (e.g., 150 V and -150 V). The third state corresponds to when the input 

received by the input 202 is below one-third of the voltage provided by the output 268 (e.g., 

below -150 V). Referring also to FIG. 4, the PWM controller 275 is configured such that 

during the first state the switches 230 and 250 are set to their on (conducting) states the 

switches 240 and 260 are set to their off (non-conducting) states, and the switches 210 and 220 

are switching between off and on states (FIG. 4A). The PWM controller 275 is configured 

such that during the second state, the switches 220 and 250 are on, the switches 210 and 260 

are off, and the switches 230 and 240 are switching (FIG, 4B). The PWM controller 275 is 

configured such that, during the third state, the switches 220 and 240 are on, the switches 210 

and 230 are off and the switches 250 and 260 are switching (FIG. 4C).

Referring to FIGS. 5-6, tire PWM controller 275 is configured to control the switches 

210. 220, 230, 240, 250, and 260 using control signals. The PWM controller 275 includes 

comparators 505, 515, and 525, and logic inverters 510, 520, and 530. The PWM controller 

275 is configured to cause the AC/DC converter 200 to operate in the states described herein in 

order to convert an incoming AC signal to the DC signals described herein. A positive input 

506 of the comparator 505 is coupled to a sinewave modulation signal source (to receive a 

signal 605), and a negative input 507 of the comparator 505 is coupled to a first PWM carrier 

signal 610. A positive input 516 of the comparator 515 is coupled to the sinewave modulation 

signal, and a negative input 517 of the comparator 515 is coupled to a second PWM carrier
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signal 615. A positive input 526 of the comparator 525 is coupled to the sinewave modulation 

signal, and a negative input 527 of the comparator 525 is coupled to a third PWM signal 620. 

An output 508 of the comparator 505 is coupled to the switch 210, and to the switch 220 via 

the logic inverter 510. An output 518 of the comparator 515 is coupled to the switch 230 and

5 to the switch 240 via the logic inverter 520. An output 528 of the comparator 525 is coupled to 

the switch 250 and to the switch 260 via the logic inverter 530,

The control signals used by the PWM controller 275 are selected to achieve the desired 

switching pattern of the switches 210, 220, 230, 240, 250, and 260. The signals 605, 610, 615, 

and 620 are preferably low voltage signals generated by, for example, a waveform generator.

10 The sinewave signal 605 is a sinusoidal signal having a frequency and phase about equal to the 

frequency' and phase of the power feed provided to the input 202. The sinewave signal 605 has 

a peak amplitude about equal to a threshold 625, which can be various values, e.g., IV. The 

first PWM carriers 610, 615, and 620 are triangular waves having a frequency substantially 

equal to the desired PWM switching frequency of the AC/DC converter 200, although other

15 frequencies are possible. The PWM switching frequency of the AC/DC converter 200 is

preferably chosen as a compromise between IGBT switching losses and the physical size and 

cost of input and output inductors and capacitors (e.g., the capacitor 280 and the inductor 285). 

A maximum value of the PWM control signal 610 is about equal to the threshold 625 and a 

minimum value of the first PWM control signal 610 is about equal to one-third of the threshold

20 625. A maximum, value of the PWM control signal. 615 is about equal to one-third of the

threshold 625 and a minimum value of the PWM control signal 615 is about equal to negative 

one-third of the threshold 625. A maximum value of the PWM control signal 620 is about 

equal to negative one-third of the threshold 625 and a minimum value of the PWM control 

signal 620 is about equal to the threshold 625 multiplied by -1.

25 The PWM controller 275 is configured to switch the switches 210, 220, 230, 240, 250.

and 260 using the sinewave modulation signal 605 and the PWM control signals 610, 615, and 

620. As the sinewave modulation signal 605 varies, the comparator 505 will output either a 

logic one or a logic zero, corresponding to which of the positive input 505 or the negative input 

507 is greater. The comparator 505 is configured to output a logic one if the positive input 506

30 is greater than the negative input 507, (e.g., the voltage of the sinewave modulation signal 605

is greater than the voltage of the PWM control signal 610). Likewise, the comparator 505 is

configured to output a logic zero if the positive input 506 is less than the negative input 507,
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(e.g., the voltage of the sinewave modulation signal 605 is less than the voltage of the PWM 

control signal 610). While the above discussion has focused on the operation of the 

comparator 505, the operation of the comparators 515 and 525 is preferably similar.

Preferably, the PWM controller 275 is configured to insert small “dead bands” such that there 

is a slight delay between the switching off any given switch and switching on another switch 

(e.g., to guard against undesired pairs of the switches being on simultaneously). The switches 

210, 220, 230, 240, 250, and 260 are configured such that a logic 1 turns the switch on, while a 

logic 0 turns the switch off, although the reverse is possible,

The PWM controller 275 can be configured to vary the duty cycle at which the 

switches it controls are switched at. For example, using the signals 610, 615, 620 and 625, the 

duty cycle of the switches that are being repeatedly toggled (e.g,, in the first state, the switches 

210 and 220) is varied. Comparing intervals 630 and 635, which indicate when the switch 210 

is turned on and the switch 220 is turned off, the interval 630 is larger than the interval 635,

Referring again to FIG. 2, examples of the operation of the AC/DC converter 200 will 

be described. The AC/DC converter 200 is configured to provide the respective DC voltages 

to the outputs 265, 266, 267, and 268 by acting as a boost converter, For example, in the first 

state when the switch 220 is on and the switch 21.0 is off, the inductor 285 will store energy. 

When the switch 220 is off, the energy stored in the inductor 285 causes a current to freewheel 

through the diode 205. In the second state when the switch 230 is on and the switch 240 is off, 

the inductor 285 will store energy. When the switch 230 is off, the inductor 285 causes a 

current to freewheel through the diode 2.35. In the third state, when, the switch 250 is on, and 

the switch 260 is off, the inductor 285 will store energy. When the switch 250 is off, the 

energy stored in the inductor 285 causes a current to freewheel through the diode 255.

Referring to FIGS. 2 & 7, a DC/AC converter 700 (e.g, an exemplary embodiment of 

the DC/AC converters is 12, 22, and 32) includes diodes 705, 715, 725, 735, 745, and 755, 

switches 710, 720, 730, 740, 750, and 760, inputs 765, 766, 767, and 768, a filter 770, and an 

output 702. The switches 710, 720, 730, 740, 750, and 760 are IGBTs although other 

transistors can be used. Inputs 765, 766, 767, and 768 are configured to receive DC power 

from, for example, the AC/DC converter 200. Coupled to the output 702 is an anode 727 of 

the diode 725, emitter 732 of the switch 730, a cathode 736 of the diode 735, and a collector 

741 of the switch 743. A cathode 726 of the diode 725 is coupled to a collector 731 of the 

switch 730. An anode 737 of the diode 735 is coupled to an emitter 742 of the switch 740.
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The cathode 726, the collector 731, an anode 707 of the diode 705, an emitter 712 of the switch 

710, a cathode 716 of the diode 715, and a collector 721 of the switch 720 are coupled 

together. The anode 737, the emitter 742, an anode 747 of the diode 745, an emitter 752 of the 

switch 750, a cathode 756 of the diode 755, and a collector 761 of the switch 760 are coupled 

together. A cathode 706 of the diode 705 and a collector 711 of the switch 710 are coupled to 

the input 765. An anode 717 of the diode 715 and an emitter 722 of the switch 720 are coupled 

to the input 766. A cathode 746 of the diode 745 and a collector 751 of the switch 750 are 

coupled to the input 767. An anode 757 of the diode 755 and an emitter 762 of the switch 760 

are coupled to the input 768. Bases 713, 723, 733, 743, 753, and 763 of the switches 710, 720, 

730, 740, 750, and 760, respectively, are each coupled to a pulse width modulation controller 

as will be described in more detail below. The emitter 732 of the switch 730, the anode 727 of 

the diode 725, the collector 741 of the switch 740, and the cathode 736 of the diode 735 (i.e., 

defining node 772) are coupled to the filter 770. The filter 770 includes inductor 785 and 

capacitor 790. The inductor 786 is coupled between the node 772 and the output 702. The 

capacitor 790 is coupled between the output 702 and the ground. The inductor 785 preferably 

has an inductance of 100 uH, although other inductances can be used (e.g., depending on the 

power rating of the system 5). The capacitor 790 preferably has a capacitance of 200 uF, 

although other capacitances can be used (e.g., depending on the power rating of the system 5).

The DC/AC converter 700 is configured to receive DC power from, for example, the 

AC/DC converter 200, and to provide an AC output via the output 702. For example, when the 

DC/AC converter 700 is in operation, and the inputs 765, 766, 767, and 768 are coupled to the 

outputs 265, 266. 267, and 268, respectively, of the AC/DC converter 200, an AC output can 

be induced on the output 702. The DC/AC converter 700 is configured to induce on the output 

702 an AC· output having peak voltages (e.g., relative to the neutral connection) about equal to 

the voltages present on the input 765 (e.g,, a positive peak voltage of the signal at the output 

702) and the input 768 (e.g., a negative peak voltage of the signal at the output 702). Other 

voltages, however, can be induced.

The DC/AC converter 700 can be realized as a voltage or current controlled DC/AC 

converter. Preferably, an “outer” voltage loop is used to maintain a desired voltage when 

operating the DC/AC converter 700 using current control. For example, a control circuit (not 

shown) can be configured to monitor the current flow in the inductor 785 and to monitor the 

voltage present at the output 702 (e.g., to determine if the output is sinusoidal). The control
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cireuit can be configured io adjust a PWM signal provided io the switches 710. 720, 730, 740, 

750, and 760, based on the measured current and voltage values to maintain the desired output 

voltage. The DC/AC converter 700 can be configured to be operated with a fixed or variable 

PWM frequency, as described herein.

The DC/AC converter 700 is configured to convert the DC voltages present at the 

inputs 765, 766, 767, and 768 into an AC output voltage by switching the switches 710, 720, 

730, 740, 750, and 760. The switches are configured to be actuated by a PWM controller 775 

that is preferably configured in a manner similar to the PWM controller 275. The control 

signals provided to the PWM controller 775 can be similar to those provided to the PWM 

controller 275, although frequencies and/or amplitudes of the control signals can vary to 

produce a desired output for a load coupled to the output 702. Preferably, the DC/AC 

converter 700 is configured such that that in any given part of a line cycle (e.g., a cycle through 

the first, second, and third states) two of the six switches 710, 720, 730, 740, 750, and 760 are 

toggled in a complementary manner, while the remaining four switches are either constantly 

switched off or constantly switched on.

Referring also to PIG, 8, the PWM controller 775 can cause the DC/AC converter 700 

to operate in three states. The first state corresponds to times when the voltage output, provided 

at the output 702 is above one-third of the voltage provided on the input 765 (e.g., voltage on 

the input is 450 V, then the first state corresponds to times when the output is above 150 V). 

The second state corresponds io times when the output provided is at the output 702 is between 

one-third of the voltage provided on the input 765. and one-third of the voltage provided in the 

input 768 (e.g., -1 50 V and 3 50 V). The third state corresponds io times when the output 

voltage provided at the output 702 is below one-third of the voltage provided on the input 768 

(e.g., below -150 V). The PWM controller 775 is configured such that during the first state, 

the switches 730 and 750 are switched on, the switches 740 and 760 are switched off, and the 

switches 710 and 720 are switching (see FIG. 9A). The PWM controller 775 is configured 

such that during the second state, the switches 720 and 750 are switched on, the switches 710 

and 760 are switched off, and the switches 730 and 740 are switching (PIG. 9B). The PWM 

controller 775 is configured such that during the third state, the switches 720 and 740 are 

switched on, the switches 710 and 730 are switched off, and the switches 750 and 760 are 

switching (FIG. 9C). In the first state, the switching configuration of the switches 710. 720, 

730, 740, 750, and 760 is configured to cause a square wave voltage at a node 780 that varies
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between 450 V and 150 V, with a varying duty cycle. For example, the duty cycle of the 

square wave can vary according to which portion of which state the DC/AC converter is 

operating in (e.g., as the voltage of the output approaches 450 V in the first state, the duty cycle 

of the square wave approaches 100%). In the second state, the switching configuration of the 

switches 710, 720, 730, 740, 750, and 760 is configured to cause a square wave voltage at the 

node 780 that varies between 150 V and -150 V, with a varying duty cycle. In the third state, 

the switching configuration of the switches 710, 720, 730, 740, 750, and 760 is configured to 

cause a square wave voltage at the node 780 that varies between -150 and -450 V, with a 

varying duty cycle.

The filter 770 is configured to filter the output provided at the node 772 into a 

substantially AC output voltage which is provided to the output 702. The filter 770 can be an 

L-C low pass filter, although other filter configurations are possible.

Referring to FIG. 10, the AC/AC module 10 includes the AC/DC converter 200, the 

DC/AC converter 700, capacitors 905, 910, 915, and 920. The outputs 265, 266, 267, and 268 

are coupled to the inputs 765, 766, 767, and 768, respectively. The capacitor 905 is coupled 

between the junction of the output 265 and the input 765 and the junction of the output 266 and 

the input 766. The capacitor 910 is coupled between the junction of the output 266 and the 

input 766 and the neutral connection. The capacitor 915 is coupled between the neutral 

connection and the junction of the output 267 and the input 767. The capacitor 920 is coupled 

between the junction of the output 267 and the input 767 and the junction of the output 268 and 

the input 768. Furthermore, the junction of the output 265 and the input 765 is coupled to the 

bus 64. The junction of the output 266 and the input 766 is coupled to the bus 63. The 

junction of the output 267 and the input 767 is coupled to the bus 60. Die junction of the 

output 268 and the input 768 is coupled to the bus 61.

The capacitors 905, 910, 915, and 920 are configured to store energy for a short period 

of time when, for example, the frequency of the power signal provided to the input 202 differs 

from the signal frequency provided by the output 702 and to reduce ripple current present on 

the buses 60, 61,62, 63, and/or 64. The AC/AC module 10 is configured to, in operation, 

induce a 300 V potential across the capacitors 905 and 920, and a 150 V potential across the 

capacitors 910 and 915.

Referring to FIGS. 1 and 11, a DC/DC converter 1000 (e.g., an exemplary embodiment

of the DC/DC converter 41) is coupled to the battery 50 and includes diodes 1005, 1015, 1025,
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and 1035, switches 1010, 1020, 1030, and 1040, capacitors 1050, 1055, 1060, 1065, capacitors 

1070, and 1075, and inductors 1080 and 1085. The switches 1010, 1020, 5 030, and 1040 are 

preferably IGBTs, although other switches can be used. Preferably, the diodes are fast or ultra 

fast reverse recovery diodes (e.g., as can be used elsewhere in the system 5). A cathode 1006 

of the diode 1005 is coupled to a collector 1011 of the switch 1010, and is further coupled to 

the node 1090. An anode 1007 of the diode 1005, an emitter 1012 of the switch 1010, a 

cathode 1016 of the diode 1015, and a collector 1021 of the switch 1020 are coupled together. 

An anode 1017 of the diode 1015 and an emitter 1022 of the switch 1020 coupled together, and 

are further coupled to the node 1091. A positive terminal 1051 of the capacitor 1050 is 

coupled to the node 1090 and a negative terminal 1052 of the capacitor 1050 is coupled to the 

node 1091. The capacitor 1070 and the inductor 1080 are coupled between the junction of the 

anode 1007, the emitter 1012, the cathode 1016, and the collector 1021 and the node 1092. 

Preferably, the inductor 1080 is coupled to the junction of the anode 1007, the emitter 1012, 

the cathode 1016, and the collector 1021, and the capacitor 1070 is coupled to the node 1092.

A positive terminal 1056 of the capacitor 1055 is coupled to the node 1091, and a negative 

terminal 1057 of the capacitor 1055 is coupled to the node 1092. A cathode 1026 of the diode 

1025 is coupled to a collector 1031 of the switch 1030, and is further coupled to the node 1093. 

An anode 1027 of the diode 1025, an emitter 1032 of the switch 1030. a cathode 1036 of the 

diode 1035, a collector 1041 of the switch 1040 are coupled together. An anode 1037 of the 

diode 1035 and an emitter 1042 of the switch 1040 are coupled together, and are further 

coupled to the node 1094. A posi tive terminal 1066 of the capacitor 1065 is coupled to the 

node 1093 and a negative terminal 1067 of the capacitor 1065 is coupled to the node 1094.

The capacitor 1075 and the inductor 1085 are coupled between the junction of the anode 1027. 

the emitter 1032, the cathode 1036, and the collector 1041 and the node 1092. Preferably, the 

inductor 1085 is coupled to the junction of the anode 1027, the emitter 1032, the cathode 1036, 

and the collector 1041. and the capacitor 1075 is coupled to the node 1092. A positive 

terminal 1061 of the capacitor 1060 is coupled to the node 1092, and the negative terminal 

1062 of the capacitor 1060 is coupled to the node 1093. The nodes 1090, 1091, 1092, 1093, 

and 1094 are configured to be coupled to the buses 64, 63, 62, 61, and 60, respectively. The 

switches are configured to be coupled to a PWM controller 1115. While the capacitors 1050, 

1055, 1060, and 1065 have been assigned different reference numbers in the figures, the



WO 2008/103696 PCT/US2008/054365

5

10

15

20

25

30

-23 -

capacitors 1050, 1055, 1060, and 1065 can be the capacitors 905, 910, 915, and 920, 

respectively.

The DC/DC converter 1000 is configured provide power to and receive power from 

batteries 1095 and 1100. The batteries 1095 and 1100 are coupled to the DC/DC converter 

1000 via circuit breakers 1105 and 1110. A positive terminal 1096 of the battery 1095 is 

coupled to the junction of the capacitor 1070 and the inductor 1080 via the breaker 1105. A 

negative terminal 1097 of the battery 1095 is coupled to a positive terminal 1101 of the battery 

1100. A negative terminal 1102 of the battery 1100 is coupled to the junction of the capacitor 

1075 and the inductor 1085 via the breaker 1110. Optionally, the negative terminal 1097 of the 

battery 1095 and the positive terminal 1101 of the battery 1100 can be coupled to the node 

1092 to reduce the maximum voltage across the battery breakers. Preferably, the batteries 

1095 and 1100 are configured to receive and provide a voltage that is between the peak voltage 

of the system 5 (e.g., the voltage present on the bus 64) and one-third of the peak voltage of the 

system 5 (e.g., the voltage present on the bus 63). For example, the batteries 1095 and 1100 

can be configured to provide about 288 V.

The DC/DC converter 1000 is configured to operate in two states, a charge state and a 

discharge state. During the charge state the DC/DC converter 1000 acts as a buck converter 

and receives a first DC voltage set from the buses 60, 61, 63, and 64 and to provide a voltage 

of a first level to the batteries 1095 and 1110. During the discharge state, the DC/DC converter 

1000 receives DC power of a second level and provides a second DC voltage set to the buses 

60, 61,63, and 64, respectively. The first voltage set and the second voltage set can be 

substantially equal. The first DC voltage and the second DC voltage can be substantially 

equal. During the charge state, the DC/DC converter 1000 actively charges the batteries 1095 

and 1100, and/or provides a float charge (e.g., to maintain a charge in a fully charged battery).

The switches 1010, 1020, 1030, and 1040 are configured to be controlled by a PWM 

controller 1115. Preferably, a configuration of the PWM controller 1115 is similar to the 

PWM controller 275, although other configurations are possible. Preferably, the switches 1010 

and 1040 are controlled to switch in a similar manner (e.g., both of the switches 1010 and 1040 

are switched on at about the same time) and the switches 1020 and 1 030 are controlled to 

switch in a similar manner (e.g., both of the switches 1020 and 1030 are switched on at about 

the same time). If, however, the junction of the negative terminal 1097 and the positive 

terminal 1101 is coupled to the node 1092, each of the switches 1010, 1020, 1030, and 1040
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can be switched independently. The PWM controller 1115 is configured to vary the charging 

voltage of the battery 1095 by varying the duty cycle of the switch 1010. Likewise, the PWM 

controller 1115 can vary the charging voltage of the battery 1110 by varying the duty cycle the 

switch 1040.

When the DC/DC converter 1000 is operating in the charge state, the PWM controller 

1115 causes the DC/DC converter 1000 to operate as a buck converter by repeatedly switching 

the switches 1010 and 1040 while keeping the switches 3020 and 1030 switched off. When the 

switches 1010 and 1040 are on, the DC/DC converter 1000 the voltages present at the nodes 

1090 and 1094 charge tire inductors 1080 and 1085. When the switches 1010 and 1040 are off, 

the choke currents (e.g., caused by the inductors 1080 and 1085 discharging) free-wheel 

through the diodes 1015 and 1025. The DC/DC converter 1000 is configured to step-down the 

voltages present at the nodes 1090 and 1094 by varying the duty cycle at which the switches 

1010 and 1040 are switched. For example, as the duty cycle of the switching signal provided 

by the PWM controller 1115 increases towards 1, the voltage provided to the batteries 1095 

and 3100 increases towards the voltage present at the nodes 1090 and 1094. The capacitors 

1070 and 1075 are configured to reduce ripple current by filtering out high frequency 

components o f the signal provided to the batteries 1095 and 1110.

When the DC/DC converter 1.000 is operating in the discharge state, the PWM 

controller 1115 causes the DC/DC converter 1000 to operate as a buck-boost converter by 

repeatedly switching the switches 1020 and 1030 while keeping the switches 1010 and 1040 

off. For example, the DC/DC converter 1000 provides a stepped-up voltage from, the batteries 

1.095 and 1100 to the nodes 1090 and 1094, and provides a stepped-down voltage to the nodes 

1.091 and 1093. When the switches 1020 and 1030 are on, the batteries 1095 and 1100 cause 

the inductors 1080 and 1085 store energy. When the switches 1020 and 1030 are off, the 

energy stored in the inductors 1080 and 1085 (and energy provided by the batteries 1095 and 

1100) is discharged (e.g.. freewheels) through the diodes 1005 and 1035. respectively, fhc 

DC/DC converter 1000 is configured to step-up the voltage provided by the batteries 1095 and 

1100 to the desired level by varying the duty cycle at which the switches 1020 and 1030 are 

switched. For example, as the duty cycle of the switching signal provided by the PWM 

controller 113 5 increases towards 1, the voltage provided at the nodes 1090, 1091, 1093, and 

1094 increases. The DC/DC converter 1000 is also configured to step-down the voltage 

provided by the batteries 1095 and 1100 and to provide the stepped-down voltage to the nodes
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1091 and 1093. The DC/DC converter 1000 is configured to provide the stepped down voltage 

to the nodes 1091 and 1093 in a manner similar to that described above. The capacitors 1050, 

1055, 1060, and 1065 are configured to filter out high-frequency components of the signals on 

the nodes 1090, 1091, 1093, and 1094.

Referring to FIGS. 1 and 12, an example of the DC bus balancer 42, here a DC bus 

balancer 1200, includes capacitors 1205, 1210, 1215, 1220, 1225, and 1230, switches 1235, 

1245, 1255, 1265, 1275, and 1285, diodes 1240, 1250, 1260, 1270, 1280, and 1290, and 

inductors 1295, 1300, and 1305. A positive terminal 1206 of the capacitor 1205, a collector 

1236 of the diode 1235, and a cathode 1241 of the diode 1240 are coupled to a node 1310. An 

emitter 1237 of the switch 1235 an anode 1242 of the diode 1240 a collector 1246 of the switch 

1245 and a cathode 1251 of the diode 1250 are coupled together. An emitter 1247 of the 

switch 1245, an anode 1252 of the diode 1250, a collector 1256 of the switch 1255, and a 

cathode 1261 of the diode 1260 are coupled together and are further coupled to a node 1311.

An emitter 1257 of the switch 1255, an anode 1262 of the diode 1260, a collector 1266 of the 

switch 1265, and a cathode 1271 of the diode 1270 are coupled together, An emitter 1267 of 

the switch 1265, an anode 1272 of the diode 1270, a collector 1276 of the switch 1275, a 

cathode 1281 of the diode 5280 are coupled together, and are further coupled to the node 1313, 

An emitter 1277 of the switch 1275 an anode 1282 of the diode 1280, a collector 1286 of the 

switch 1285, and a cathode 1291 of the diode 1290 are coupled together. An emitter 1287 of 

the switch 1285 and an anode 1292 of the diode 1290 are coupled together, and are further 

coupled io the node 1314. A positive terminal 1206 of the capacitor 1205 is coupled to the 

node 1.310 and a negative terminal 1207 of the capacitor 1205 is coupled to the node 1311. A 

positive terminal 1211 of the capacitor 1210 is coupled to the node 1311 and a negative 

terminal 1212 of the capacitor 1210 is coupled to the node 1312. A positive terminal 1216 of 

the capacitor 1215 is coupled to the node 1312 and a negative terminal 1217 of the capacitor 

1215 is coupled to the node 1313. A positive terminal 1221 of the capacitor 1220 is coupled to 

the node 1313 and a negative terminal 1222 of the capacitor 1220 is coupled to the node 131.4. 

The capacitor 1225 and the inductor 1295 are coupled in a series between the junction of the 

diodes 1240 and 1250 and the junction of the diodes 1260 and 1270. The inductor 1300 and 

the capacitor 1230 are coupled between the junction of the diodes 1260 and 1270 and the 

junction of the diodes 1280 and 1290. Thus, the capacitor 1225, the inductor 1295, the 

inductor 1300, and the capacitor 1230 are coupled in series between the junction of the diodes
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1240 and 1250 and the diodes 1280 and 1290. The inductor 1305 is coupled between the node 

1312 and thejunction of the diodes 1260 and 1270. The inductor 1305, however, is optional. 

For example, if the AC/DC converters 11,21, and 31 are configured to control an amount of 

power drawn from the AC input in respective positive and negative half-cycles. The DC bus 

balancer 1200 can be configured to reduce (and possibly eliminate) the desire to control power- 

draw on the AC input using the AC/DC converters 11,21, and 31 (e.g., in order to balance the 

buses 60, 61,62, 63 and 64) by including the Inductor 1305. The combination 1225 and the 

inductor 1295 define a resonant tank 132.0, and the combination of the capacitor 1230 and the 

inductor 1300 define a resonant tank 1325.

A PWM controller 1315 is coupled to each of the switches 1235, 1245, 1255, 1265,

1275, and 1285. The PWM 1315 controller is preferably configured in a manner similar to the 

PWM controller 275. For example, the PWM controller 1315 includes multiple comparators 

which are each configured to receive multiple control signals. The control signals are selected 

such that the desired switching sequence (e.g., as described herein in the DC bus balancer 42) 

is obtained. The PWM controller 1315 is configured to provide control signals that preferably 

have a constant frequency and duty cycle, although other configurations as possible. The 

control signals provided io the switches 1235, 1255, and 1275 are preferably substantially 

identical, and the control signals provided to the switches 1245, 1265, and 1285 are preferably 

substantially identical. The control signals preferably have a duty cycle of about 50%, 

although other duty cycles are possible. Referring also to FIG, 13, the PWM controller 1315 is 

configured to insert “dead time” between the switching of the switches 1235, 1245, 1255,

1265, 1275, and 3 285 such that the switches being switched off are substantially completely 

off before oilier switches are switched on. The use of dead time, however, is optional. 'Die 

PWM controller 1315 Is configured to provide a control signal such that the switches 1235,

1245, 1255, 1265, 1275 and 1285 switch at a frequency about equal to a resonant frequency of 

the resonant tanks 1320 and 1325, although other frequencies are possible.

The DC bus balancer 1200 is configured to balance and maintain desired voltages on 

the buses 60, 61, 62, 63 and 64 by moving energy stored in the capacitors 1205, 1210, 1215, 

and 1220 onto the buses 64, 63, 61, and 60, as appropriate. The switches 1235, 1245, 1255, 

1265, 1275, and 1285 are configured to be switched by the PWM controller 1315. The PWM 

controller 1315 is configured to control the switches to be first and second states. In the first 

state, the switches 1235, 1255, and 1275 are on while the switches 1245, 1265, and 1285 are
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off. In the second state the switches 1235, 1255, and 1265 are off while the switches 1245, 

1265, and 1285 are on, Due to these switch states, voltages within the DC bus balancer 1200 

alternate as shown in Table 1.

Junction of First State Voltage Second State Voltage

Switches 1235 and 1245 Voltage at node 1310 Voltage at node 1311

Switches 1255 and 1265 Voltage at node 1311 Voltage at node 1313

Switches 1275 and 1285 Voltage at node 1313 Voltage at node 1314

5
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25

Thus, when the nodes 1310, 1311, 1313, and 1314 provide 450 V, 150 V,-150 V, and-450 V, 

respectively, then each of the junctions described in Table 1 alternate by about 300 V (peak to 

peak). The remainder of the discussion of the DC bus balancer 1200 assumes that the buses 

64, 63, 61, and 60 provide 450 V, 150 V, -150 V, and -450 V, respectively (relative to the 

neutral).

During balanced operation of the DC bus balancer 1200 (e.g, the voltages on the nodes 

1310, 1311, 1312, 1313,and 1314 are at desired levels), the signal present at each of the 

junctions described in Table 1 will be substantially square. Further, during balanced operation, 

the voltage swings at tire junctions described in Table 1 will be substantially in phase with each 

other and have substantially the same amplitude, The voltage differences across the resonant 

tanks 1320 and 1325 are preferably about equal to one-third of the total DC voltage between 

the bus 60 and 64 (e.g., 300 V). The capacitors 1225 and 1230 are configured to charge to the 

potential placed across the resonant tanks 1320 and 1325, respectively (e.g., 300 V).

The DC bus balancer 1200 is configured to compensate for unbalanced voltages on the 

nodes 1310,1311,1312,1313, and 1314 using energy stored in the resonant tanks 1320 and 

1325. During unbalanced operation of the DC bus balancer 1200, the amplitude of the square- 

wave voltages induced across the junctions described in. Table 1 can be uneven, which can 

cause a square wave voltage to appear across one or more of the resonant tanks 1320 and 1325. 

Each of the resonant tanks 1320 and 1325 are configured such that, as a voltage appears across 

the resonant tanks 1320 and 1325, a current flows through each of the resonant tanks 1320 and 

1325. The resonant tanks 1320 and 1325 are configured to have a low impedance (e.g., 

approaching zero) such that even a small voltage potential across each of the resonant tanks 

1320 and/or 1325 can cause a large current flow through the resonant tanks 1320 and/or 1325. 

The impedance of the resonant tanks 1320 and 1325 can be a function of the frequency at
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which the switches 1235, 1245, 1255, 1265, 1275, and 3285 are switched at (or vice versa).

For example, as tire switching frequency approaches being equal to the resonant frequency of 

the resonant tanks 1320 and 1325, the impedance of tire resonant, tanks 1320 and 1325 

approaches zero. The resonant tanks 1320 and 1325 are configured to cause a current to flow 

that can move energy from the capacitors 1205, 1210, 1215, and/or 1220 having voltage(s) 

higher than the preferred voltage levels of 300 V and 150 V, respectively, towards the 

capacitors having voltage(s) lower than the preferred voltage levels. The switches (e.g., of the 

switches 1235, 1245, 1255, 1265, 3275, and 1285) that are coupled across the capacitor (e.g., 

of the capacitors 1205, 1210, 1215, and/or 1220) having the higher voltage are configured to 

act as a generator and create an AC current through the resonant tanks 1320 and/or 1325 to 

establish a flow of real power towards the capacitor (e.g., of the capacitors 1205, 1210, 1215, 

and/or 1220) having the lowest voltage. The DC bus balancer 1200 is configured such that the 

current flow through the resonant tanks 1320 and 1325 preferably starts when the voltage 

difference between imbalanced capacitors exceeds a forward voltage drop of the respective 

diodes 1240, 1250, 1260, 1270, 1280, and 1290 (e.g., a few volts). Preferably, as the 

frequency that the switches 1235, 1245, 1255, 1265, 1275, and 1285 are switched at 

approaches the resonant frequency of the resonant tanks 1225 and 1230, zero-crossings of the. 

induced current occur closer to the dead time between the first and second states, which can 

reduce switching losses.

In. operation, referring to FIG. 14, with further reference to FIGS. 1-13, a process 1400 

for providing an uninterruptible power to a load using the UPS 5 includes the stages shown. 

The process 1400, however, is exemplary only and not limiting. The process 1400 may be 

altered, e.g., by having stages added, removed, altered, or rearranged. Furthermore, while 

portions of the process 1400 are shown as successive steps, certain stages can occur in parallel 

(e.g., stages 1435 and 1440).

At stage 1405, the UPS 5 is coupled to a 3-phase power feed. The AC/AC modules 10, 

20 and 30 are coupled to the X, Y, and Z-phases of the 3-phase power feed, respectively. The 

AC/AC modules 10, 20, and 30 are further coupled to a neutral connection of the 3-phase 

power feed. The power feed provides 3-phase AC power to the UPS 5.

At stage 1410, the UPS 5 is coupled to one or more loads. The UPS 5 can be coupled

to a 3-phase load (e.g., the AC/AC module 10 provides the X-phase, AC/AC module 20

provides the Y-phase, and AC/AC module 30 provides the Z-phase). Alternatively, the UPS 5
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can be coupled to one or more single-phase loads. For example, each of the AC/AC modules 

10, 20, and 30 can provide single phase power to one or more loads.

At stage 1415, the UPS 5 determines whether the AC power feed is acceptable. If the 

UPS 5 determines that the AC input power is acceptable, then the process 1400 proceeds to 

stage 1420. If the UPS 5 determines that the input power is unacceptable, e.g., has stopped 

and/or become unstable (e.g., a low-voltage condition), then the process 1400 proceeds to stage 

1430.

At stage 1420, the AC/DC modules 11,21, and 31 convert the incoming AC power to 

DC power, which is provided to the buses 60, 61, 63, and 64. The AC/DC modules 11,21, and 

31 are initialized (e.g., the switched are switched to the state corresponding to a power signal 

being provided) upon startup, or upon suitable power being provided to the UPS 5. While the 

following discussion focuses on the AC/DC module 11, the operation of the AC/DC modules 

21 and 31 can be similar. The AC/DC module 11 processes the input AC power using a 

combined low-pass filter and a boost converter (i.e., the combination of the capacitor 280 and 

the inductor 285). The PWM controller 275 switches the switches 210, 220, 230, 240, 250, 

and 260 as a function of the power signal being received by the AC/DC module 11. For 

example, the PWM controller 275 causes the switches 210, 220, 230, 240. 250, and 260 to 

operate in one of three states. In the first state, the PWM controller 275 toggles the switches 

210 and 220 in a mutually exclusive manner, maintains the switches 230 and 250 In an on 

position, and maintains the switches 240 and 260 in. an off position. In the second state, the 

PWM controller 275 maintains the switches 210 and 260 in an off position, maintains the 

switches 220 and 250 in an on position, and toggles the switches 230 and 240 is a mutually 

exclusive manner. In the third state, the PWM controller maintains the switches 210 and 230 

in an off position, maintains the switches 220 and 240 in an on position, and toggles the 

switches 250 and 260 in a mutually exclusive manner. The PWM controller 275 causes the 

AC/DC converter 11 to operate in the first state when the AC input provided to the AC/DC 

module 11 is greater than one-third of the voltage provided at the output 265. The PWM 

controller 275 causes the AC/DC converter 11 to operate in the second state when the AC input 

provided to the AC/DC module 11 is between one-third of the voltage provided at the output 

265 and one-third of the voltage provided at the output 268. The PWM controller 275 causes 

the AC/DC converter 11 to operate in the third, state when the AC input provided to the AC/DC 

module 11 is below one-third of the voltage provided at the output 268.
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Al stage 1425, the DC/DC converter 1000 charges the battery 50. The DC/DC 

converter 1000 receives a first set of DC voltages from the buses 60, 61, 63, and 64. When the 

UPS 5 is receiving suitable power from the power feed, the DC/DC converter 1000 converts 

the first voltage set to a first DC voltage that is provided to the battery 50. The voltage 

provided to the battery 50 is between the voltage present on the bus 64 and one-third of the 

voltage provided on the bus 64.

The PWM controller 1115 causes the DC/DC converter 1000 to act as a Buck converter 

converting the first voltage set into the first voltage. The PWM controller 1115 causes the 

switches 1020 and 1030 to be maintained in an off position, while the switches 1010 and 1040 

are substantially simultaneously switched on and off. Each time the switches 1010 and 1040 

are switched on, the inductors 1080 and 1085 charge and the batteries 1095 and 1100 receive a 

voltage that is substantially equal to the first voltage. Each time the switches 1010 and 1040 

are switched off, the inductors 1080 and 1085 discharge (e.g., current freewheels through the 

diodes 1015 and 1025) and provide substantially the first voltage to the batteries 1095 and 

1100. Preferably, the switches 1010 and 1040 are switched to an on state prior to the inductors 

1 080 and 1085 completely discharging.

At stage 1430, the PWM controller 1115 causes the DC/DC converter 1000 to act as a 

boost converter converting the second voltage into the second voltage set. The PWM 

controller 1115 causes the switches 1020 and 1030 to substantially simultaneously switch on 

and off while the switches 1010 and 1040 are maintained in an off position. Each time the 

switches 1020 and 1030 are switched on, the inductors 1080 and 1085 charge using power 

from the batteries 1 095 and 1100, Each time the switches 1020 and 1030 are switched off, the 

inductors 1080 and 1085 discharge and a current freewheels through the diodes 1005 and 1035 

(e.g., caused by the energy stored in the batteries 1095 and 1100 and the inductors 1080 and 

1085). Preferably, the switches 1020 and 1030 are switched to an on state prior to the 

inductors 1080 and 1085 completely discharging. The capacitors 1070 and 1075 can be used 

to reduce ripple current in the power provided to the nodes 1090, 1.091, 1093, and 1094. 

Furthermore, the UPS switches are set to a state to receive DC power from the battery 50. For 

example, upon detecting that the AC power feed is unavailable and/or unstable, the connection 

13 is decoupled from the buses 64, 63, 61, and 60 by configuring all switches in the AC/DC 

modules 11 to an off position. Likewise, the operation of the AC/DC converters 21 and 31 is 

similar.
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At stage 1435, the DC bus balancer 1200 balances the voltages present on the buses 60, 

61,63, 64. While the stage 1435 is shown as a stage placed between other stages, the DC bus 

balance 1200 balances the voltages present on the buses 60, 61, 63, and 64 parallel with other 

stages during operation of the UPS 5. The DC bus balancer 1200 balances and maintains the 

desired voltages on the buses 60, 61,62, 63, and 64 by moving energy stored in the capacitors 

1205, 1210, 1215, and 1220 onto the buses 64, 63, 61, and 60, as appropriate. The switches 

1235, 1245, 1255, 1265, 1275, and 1285 are switched by the PWM controller 1315. The PWM 

controller 1315 switches the switches 1235, 1245, 1255, 1265, 1275, and 1285 in first, and 

second states. In the first state, the switches 1235, 1255, and 1275 are switched on while the 

switches 1245, 1265, and 1285 are set off. In the second state the switches 1235, 1255, 1265 

are set off while the switches 1245, 1265, and 1285 are set on. Voltages within the DC bus 

balancer 1200 alternate as shown in Table 1 (shown above). Thus, when the nodes 1310, 1311, 

1313, and 1314 provide 450 V, 150 V, -150 V, and -450 V, respectively, each of the junctions 

described in Table 1 alternate by about 300 V (peak to peak). The remainder of the discussion 

of the DC bus balancer stage 3435 assumes that the buses 64, 63, 61, and 60 provide 450 V,

150 V, -150 V, and -450 V, respectively (relative to the neutral).

Din ing balanced operation of the DC bus balancer 3200 (e.g., the voltages on the nodes

1310, 1311, 1312, 3313,and 1314 are at desired levels), the signal present at each of the 

junctions described in Table 1 will be substantially square, Thus, during balanced operation, 

the voltage swings at the junctions described in Table 1 will be substantially in phase and have 

substantially the same amplitude. The voltage differences across the resonant tanks 1320 and

1325 are about equal, to one-third of the total DC voltage between the bus 60 and lire bus (e.g., 

300 V). The capacitors 1225 and 1230 charge to the potential placed across the resonant tanks 

1320 and 1325, respecti vely (e.g., 300 V).

The DC bus balancer 1200 compensates for unbalanced voltages on the nodes 1310,

1311, 1312, 1313, and 1314 using energy stored in. the resonant tanks 1320 and 1325. During 

unbalanced operation of the DC bus balancer 1200, the amplitude of the square-wave voltages 

induced across the junctions described in Table 1 can be uneven, which can cause a square 

wave voltage to appear across one or more of the resonant tanks 1320 and 1325. As a voltage 

appears across each of the resonant tanks 1320 and/or 1325, current flows through each of the 

resonant tanks 1320 and/or 1.325, respectively. The amount of current flowing in the resonant 

tanks 1320 and/or 1325 can be increased by reducing the impedance of the resonant tanks 1320
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and 1325 (e.g., an impedance approaching zero). The PWM controller 1315 switches the 

switches 1235, 1245, 1255, 1265, 1275, and 1285 at a frequency such that the impedance of 

the resonant tanks 1320 and 1325 is reduced. For example, as the switching frequency 

approaches being equal to the resonant frequency of the resonant tanks 1320 and 1325, the 

impedance of the resonant tanks 1320 and 1325 approaches zero. When there is a voltage 

present across the resonant tanks 1320 and 1325 a current flows from the capacitor having the 

higher voltage (e.g., of tire capacitors 1205, 1210, 1215, and 1220) towards the capacitor 

having the lower voltage (e.g., of the capacitors 1205, 3210, 1215, and 1220). The switches 

(e.g., of the switches 1235, 1245, 1255, 1265, 1275, and 1285) that are coupled across the 

capacitor having the higher voltage (e.g., of the capacitors 1205, 1210, 1235, and 1220) act as a 

generator and create an AC current through the resonant tanks 1320 and/or 1325 to establish a 

flow of real power towards the capacitor (e.g., of the capacitors 1205, 1210, 1.215,and 1220) 

having the lowest voltage. The current flow through the resonant tanks 1320 and 1325 

preferably starts when the voltage difference between the imbalanced capacitors exceeds a 

forward voltage drop of the respective diodes 1240, 1250, 1260, 1270, 1280, and 1290 (e.g., a 

few volts).

A waveform of induced current flowing in the resonant tanks 1225 and 1230 (e.g., 

caused by unbalanced operation of the DC bus balancer 1200) is similar to a sine wave. 

Preferably, as the frequency that the switches 1235, 1245, 1255, 1265, 1275, and 1285 are 

switched at approaches the resonant frequency of the resonant tanks 1225 and 1230, zero- 

crossings of the induced current occur closer to the dead time between the first and second 

states, which can reduce switching losses.

At stage 1440, DC power on the buses 60, 61,63, and 64 is converted to AC power by 

the DC/AC converters 12, 22, and 32. Each of the DC/AC converters 12, 22, and .32 .is 

preferably configured as the DC/AC converter 700. The DC/AC converter 700 receives power 

from the AC/DC converter 200, or the battery 50 via the buses 60, 61, 63, and 64. The DC/AC 

converter 700 generates an AC output having peak voltages about equal to the voltages present 

on the input 765 and the input 768. A phase of each of the DC/AC converters 12, 22, and 32 

are preferably varied such, that standard 3-phase power can be provided to a load.

Referring also to FIGS. 9-10, the DC/AC converter 700 converts the DC power to AC

power by switching the switches 710, 720, 730. 740, 750, and 760 in a predetermined

sequence. The PWM controller 775 switches the switches 710, 720, 730, 740, 750, and 760 in
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different sequences depending on the desired output at the output 702. When the desired 

output (at the output 702) is between the voltages present at the inputs 765 and 766, the PWM 

controller 775 actively switches the switches 710 and 720 on and off, sets to the switches 730 

and 750 to an on position, and sets the switches 740 and 760 to an off position. When the 

desired output (at the output 702) is between the voltages present at the inputs 766 and 767 the 

PWM controller 775 actively switches the switches 730 and 740 on and off, sets the switches 

720 and 750 to an on position, and sets the switches 710 and 760 to an off position. When the 

desired output (at the output 702) is between the voltages present at the inputs 767 and 768, the 

PWM controller 775 actively switches the switches 750 and 760 on and off, sets the switches 

720 and 540 to an on position, and sets the switches 710 and 730 to an off position. In each of 

the three states, the duty cycle of the switches 710, 720, 730, 740, 750, and 760 that are being 

actively switched are varied such that the output of the filter 770 is substantially AC (e.g., as 

shown in FIGS. 9-10). The filter 770 (e.g., an LC low-pass filter) filters the signal provided at 

the node 780 into a substantially AC signal which is provided to the output 702.

At stage 1445 AC power is provided to a load. The configuration of the power thaL is 

provided to the load can vary depending on the desired operation. For example, each of the 

DC/AC converters 12, 22, and 32 can provide one phase of a 3-phase power connection, all or 

a portion of the DC/AC converters 12, 22, and 32 can provide power having a single phase, 

each of the DC/AC converters 12, 22, and 32 can provide single phase power to individual 

loads, etc.

Other embodiments are within the scope and spirit of the invention. For example, due 

to the nature of software, functions described above can be implemented using software, 

hardware, firmware, hardwiring, or combinations of any of these. Features implementing 

functions may also be physically located at various positions, including being’ distributed such 

that portions of functions ace implemented at different physical locations. While three DC/AC 

converters are shown (e.g., DC/AC converters 12, 22, 32, and 42) a single DC/AC converter 

can be used if only single phase power is desired. The AC/DC and DC/AC converters can be 

split into multiple parallel circuits and be switches in an interleaved manner, e.g., to reduce 

ripple current on the buses. The voltages present on the buses 61, 62, 64, and 65 can be 

different from that described herein. A battery can be coupled directly to the buses 61, 63, 

and/or 64, without the use of a DC/DC converter. DC bus symmetry can be controlled by a 

modified control scheme of the AC/DC converter.



-34-
20

08
21

87
69

 
22

 N
ov

 2
01

1

Referring to FIG. 1, while tie UPS 5 is shown as including the DC/DC 

module 40, the DC/DC module 40 can be omitted. For example, a UPS can convert a 

3-phase power feed from the first voltage to the second voltage without the presence 

of the DC/DC module 40.

While the description herein describes numerous separate capacitors, two or 

more capacitors can be combined into a single capacitor. For example, FIG. 10 shows 

the capacitor 905 coupled between the bus 64 and the bus 63, FIG. 11 shows the 

capacitor 1050 coupled between the bus 64 and the bus 63, and FIG. 12 shows the 

capacitor 1205 coupled between the bus 64 and the bus 63. The capacitors 905, 1050, 

and 1205 can be a single shared capacitor.

Referring to FIG. 2, while the AC/DC converter 200 is configured as a four- 

quadrant inverter providing both positive and negative DC voltages, an AC/DC 

converter can be arranged in other configurations. For example, an AC/DC converter 

can be configured as a 2-quadrant rectifier providing only positive DC voltages during 

the positive half-cycles of the inpur line voltage (and only negative DC voltages 

during the negative half-cycles of the input line voltage) by replacing switches 210 

and 260 with diodes.

While the present disclosure uses a co-packed devices (e.g., a switch and a 

diode coupled in parallel) other circuits can be used. For example, a circuit 

configured to allow a current to flow in a first direction substantially uninhibited, 

while selectively controlling current flow in a direction opposite from the first 

direction, can be used.

Further, while the description above refers to the invention, the description 

may include more than one invention.

The term “comprise” and variants of that term such as “comprises” or 

“comprising” are used herein to denote the inclusion of a stated integer or integers but 

not to exclude any other integer or any other integers, unless in the context or usage 

an exclusive interpretation of the te rm is required.

Reference to prior art disclosures in this specification is not an admission that 

the disclosures constitute common general knowledge in Australia.
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The claims defining the invention are as follows:

1. An uninterruptible power supply (UPS) comprising: 

a plurality of electrical buses;

a first AC/DC converter coupled to the electrical buses and configured 

to receive a first input AC voltage and to convert the first input AC voltage to a 

plurality of DC voltages, the first AC/DC converter being configured to convey the 

plurality of DC voltages to the plurality of electrical buses;

a second AC/DC converter coupled to the electrical buses and 

configured to receive a second input AC voltage and to convert the second input AC 

voltage to the plurality of DC voltages, the second AC/DC converter being configured 

to convey the plurality of DC voltages to the plurality of electrical buses;

a third AC/DC converter coupled to the electrical buses and configured 

to receive a third input AC voltage and to convert the third input AC voltage to the 

plurality of DC voltages, the third AC/DC converter being configured to convey the 

plurality of DC voltages to the plurality of electrical buses;

a DC/DC converter coupled to the plurality of electrical buses and

configured to:

convert the plurality of DC voltages to a battery DC voltage; 

and

convert the battery DC voltage to the plurality of DC voltages; 

a first DC/AC converter coupled to the plurality of electrical

buses and configured to receive the plurality of DC voltages and to convert the 

plurality of DC voltages into a first output AC voltage; and

a DC bus balancer including a resonant tank and configured to 

maintain voltages present on the electrical buses at desired levels, the DC bus 

balancer being configured to transfer energy between the plurality of electrical 

buses using the resonant tank;

wherein the first, second, and third AC/DC converters are configured 

such that the first, second, and third AC/DC converters convey the plurality of DC
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voltages to the plurality of electrical buses when the first, second, and third input AC 

voltages are within a predetermined threshold; and

wherein the DC/DC converter is configured such that the DC/DC 

converter conveys the plurality of DC voltages to the plurality of electrical buses 

when the first, second, and third input AC voltages are not within the predetermined 

threshold.

2. The UPS of claim 1, further comprising:

a second DC/AC converter coupled to the plurality of electrical buses 

and configured to receive the plurality of DC voltages and to convert the plurality of 

DC voltages into a second output AC voltage; and

a third DC/AC converter coupled to the plurality of electrical buses 

and configured to receive the plurality of DC voltages and to convert the plurality of 

DC voltages into a third output AC voltage.

3. The UPS of claim 2, wherein the first, second, and third DC/AC 

converters are configured to convey 3-phase power to a load.

4. The UPS of claim 1, wherein:

the DC/DC converter is configured to convert the plurality of DC 

voltages to the battery DC voltage when the first, second, and third input AC voltages 

are within a predetermined range; and

the DC/DC converter is configured to convert the battery DC voltage 

to the plurality of DC voltages when the first, second, and third input AC voltages are 

not within the predetermined range.

5. The UPS of claim 1, wherein a battery is coupled to the DC/DC 

converter and is configured to:

receive and be charged by the battery DC voltage; and 

convey the battery DC voltage to the DC/DC converter.
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6. The UPS of claim 1 wherein

the first AC/DC converter is coupled to a first phase of a 3-phase

power source;

the second AC/DC converter is coupled to a second phase of a 3-phase 

power source; and

the third AC/DC converter is coupled to a third phase of a 3-phase

power source.

7. The UPS of claim 1, wherein each of the plurality of electrical buses is 

coupled to a respective node, each node having a respective voltage; and

wherein the DC bus balancer includes a first resonant tank and a second 

resonant tank each configured to shift energy between at least two of the respective 

nodes if an absolute value of the respective voltages of the at least two of the 

respective nodes differs from one i nother.

8. A method of operating an uninterruptible power supply (UPS), the 

UPS including a plurality of electrical buses, the method comprising:

converting each one of a plurality of AC input voltages to a plurality of DC 

voltages conveyed to a plurality of electrical buses when respective AC input voltages 

are within a predetermined threshold;

converting the plurality of DC voltages to a battery DC voltage; 

converting the battery DC voltage to the plurality of DC voltages conveyed to

the plurality of electrical buses when respective AC input voltages are not within the 

predetermined threshold;

converting the plurality of DC voltages into an AC output voltage; and 

transferring energy between the plurality of electrical buses using a resonant

tank included in a DC bus balancer to maintain voltages present on the electrical 

buses at desired levels.
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9. The method of claim 8, wherein the UPS includes a plurality of 

DC/AC converters each coupled to the electrical buses, arid wherein the method 

further comprises:

converting the plurality of DC voltages into a first output AC voltage 

with a first DC/AC converter;

converting the plurality of DC voltages into a second output AC 

voltage with a second DC/AC converter; and

converting the plurality of DC voltages into a third output AC voltage 

with a third DC/AC converter.

10. The method of claim 9, further comprising providing a 3-phase AC 

voltage with the first DC/AC converter, the second DC/AC converter and the third 

DC/AC converter, together.

11. The method of claim 9, further comprising:

coupling a first AC/DC converter to a first phase of a 3-phase power

source;

coupling a second AC/DC converter to a second phase of the 3-phase 

power source; and

coupling a third AC/DC converter to a third phase of the 3-phase 

power source. :

12. The method of claim 8, further comprising:

converting the plurality of DC voltages to the battery DC voltage when 

the respective AC input voltages are within a predetermined range; and

converting the battery DC voltage to the plurality of DC voltages when 

the respective AC input voltages are not within the predetermined range.

13. The method of claim 8 wherein a battery is included in the UPS, 

wherein the method further comprises:

charging the battery with the battery DC voltage.
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14. The method of claim 8, wherein each of the plurality of electrical buses 

is coupled to a respective node, each node having a respective voltage,

wherein the UPS includes a first resonant tank and a second resonant tank, and 

wherein the method further comprises, shifting energy between at least two of

the respective nodes if an absolute value of the respective voltages of the at least two 

of the respective nodes differs from one another.

15. An uninterruptible power supply (UPS) substantially as described 

herein with reference to the accompanying drawings.

16. A method of operating an uninterruptible power supply (UPS), the 

method being substantially as described herein with reference to the accompanying 

drawings.
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