Kettering University
Digital Commons @ Kettering University

Electrical & Computer Engineering Patents Electrical & Computer Engineering
4-4-2019

Multi-Phase-Shift Control of a Power Converter

Allan Ray Taylor
Alan Wayne Brown

Philip Michael Johnson

Follow this and additional works at: https://digitalcommons.kettering.edu/electricalcomp_eng_patents

b Part of the Electrical and Computer Engineering Commons


https://digitalcommons.kettering.edu/
https://digitalcommons.kettering.edu/electricalcomp_eng_patents
https://digitalcommons.kettering.edu/electricalcomp_eng
https://digitalcommons.kettering.edu/electricalcomp_eng_patents?utm_source=digitalcommons.kettering.edu%2Felectricalcomp_eng_patents%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=digitalcommons.kettering.edu%2Felectricalcomp_eng_patents%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages

w0 2019/064259 A1 | I 0000 T 00000 0 O O 0

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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
04 April 2019 (04.04.2019)

(10) International Publication Number

WO 2019/064259 Al

WIPO I PCT

(51) International Patent Classification:
H02M 3/335 (2006.01)

(21) International Application Number:
PCT/IB2018/057561

(22) International Filing Date:

28 September 2018 (28.09.2018)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
62/565,429 29 September 2017 (29.09.2017) US

(71) Applicant: HELLA GMBH & CO. KGAA [DE/DE];
Rixbecker Strasse 75, 59552 Lippstadt (DE).

(72) Inventors: TAYLOR, Allan Ray; 7206 Thornridge Dri-
ve, Grand Blanc, Michigan 48439 (US). BROWN, Alan

Wayne, 48238 Chesterfield Drive S., Canton, Michigan
48187 (US). JOHNSON, Philip Michael; 124 Maxfield
Road, Brighton, Michigan 48114 (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, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

(54) Title: MULTI-PHASE-SHIFT CONTROL OF A POWER CONVERTER

108

101 ¥

Do INpyr 104

DG OUTPUT

i
| : 3 , :
o 2 ElE gy | el |G
VOLTAGE S L s 1 S : % A5
) i ! { Sy 87 ] l
" ! A N | -
N ! 121 %g- .
e ’/‘ ! i : L
‘ = P : nly !
lw, Mﬁi 120 | AL /4 D s | s, X
: . i - g H] ! | 122
| D | IO | R | w0 o
COMTROLLER |- oo -
S/
102~ OPTIONAL
ISOLATION

(57) Abstract: Multi-phase-shift control of a power converter is provided. The power converter includes a dual-active-bridge (DAB)
converter having a transformer, a first H-bridge coupled to the primary winding of the transformer, and a second H-bridge coupled to
the secondary winding of the transformer. The DAB converter is operable to generate two-level and three- level voltage waveforms
on the primary winding and on the secondary winding to yield a system which ensures zero-voltage switching and unity power factor
over a wide range of input and output voltage levels and power throughputs. In a multi-phase shift (MPS) mode of operation, the DAB
converter changes from a two-level voltage in at least one of the windings to a three-level voltage in both windings in response to
the instantaneous load being below a predetermined level, resulting in more efficient performance of the DAB converter in light load

conditions.
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MULTI-PHASE-SHIFT CONTROL OF A POWER CONVERTER

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application
62/565,429, filed September 29, 2017, the disclosure of which is incorporated by reference in

its entirety.

FIELD OF THE INVENTION

[0002] The present application relates to multi-phase-shift control of a power

converter, and more particularly a power converter for an electric vehicle.

BACKGROUND OF THE INVENTION

[0003] Conventional electric vehicles utilize a power converter, such as a DC / DC
converter, for providing power to one or more vehicle components, including a vehicle
battery. Many conventional electric vehicles plug-in into the electric grid for receiving power
to charge the vehicle battery. The electrical grid typically provides single-phase or three-
phase AC power. The electric vehicle may include charger circuitry that converts the AC
power to DC power for charging the vehicle battery. This charger circuitry is typically
described in the realm of battery electric vehicles as an on-board battery charger.

[0004] Conventional electric vehicle specifications call for high power densities for a
variety of reasons, including large battery capacities, possibly 100 kWh, consumer desire for
short charging times, and space constraints within the electric vehicle. Several conventional
cfforts have been made to comply with these requirements but with little success or at the
cost of efficiency. These conventional efforts do not provide 1) zero voltage switching (ZVS)

for all semiconductor switches within a wide-input-voltage range (e.g., 120-240 VAC) and a
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wide-output-voltage range (e.g., 200450 VDC) and 2) high-performance at light load (i.e.,
they fail to maintain unity power factor at light load). In other words, these conventional
efforts experience loss of performance when operated with wide voltage-gains and/or grid
current distortion at light load conditions.

[0005] For instance, one conventional power converter for an on-board battery
charger includes a dual-active-bridge (DAB) circuit that utilizes a single-phase-shift mode of
operation. Traditionally, an uncontrolled (diode-based) AC to DC rectifier may be used to
convert the AC grid input voltage into a (somewhat) constant DC input voltage for the
primary-side DAB input. The DAB may include semiconductor switches that form an active
H-bridge for controlling the voltage on the primary and secondary sides of a transformer. The
primary-side H-bridge is used in converting a constant DC voltage or a low-frequency time-
varying DC voltage into high-frequency AC voltage to drive the transformer and the
secondary-side H-bridge is used in rectifying the high-frequency AC power transferred across
the transformer back to DC. The single-phase-shift mode of operation may include shifting
the phase of both secondary-side H-bridge legs relative to the two primary-side H-bridge legs
in an effort to deliver power to the secondary side while achieving zero-voltage switching for
all semiconductor switches—but may fail to do so under light loads. Another conventional
power converter utilizes the DAB circuity topology but operates it by varying both switching
frequency and phase shift. This alternative conventional configuration may ensure ZVS over
a wider voltage range, but may still sacrifice the light-load grid current performance or fail to
provide unity power factor at the primary-side input. Accordingly, there remains a continued
need for an improved power converter adapted to provide ZVS over a wide voltage range
with high performance in light load conditions.

SUMMARY OF THE INVENTION

[0006] The present invention provides multi-phase-shift control of a power converter
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for converting a low-frequency time-varying DC input voltage into a constant DC output
voltage. The multi-phase-shift control can generate two-level or three-level voltage
waveforms on either/both the primary or/and secondary sides of the transformer to yield a
system which ensures zero-voltage switching and unity power factor over a wide range of
input and output voltage levels and power throughputs, including low and high power
outputs.

[0007] More specifically, in one embodiment, the power converter operates under a
dual-phase-shift (DPS) control or in a triple-phase-shift (TPS) control. The primary and
secondary sides are inductively coupled through the transformer. Thus, power can be
transferred from the primary to the secondary by proper control of the multi-level voltage
signals applied to both the primary and secondary windings of the transformer. The primary-
side H-bridge can be controlled to supply power from the input side through generation of
either a) a two-level voltage waveform, where the two primary-side H-bridge legs switch 180
degrees out of phase, or b) a three-level voltage waveform, where the two primary-side H-
bridge legs switch at a phase shift between 0 and 180 degrees. The secondary-side H-bridge
can also be controlled to deliver power to the output side through generation of either a) a
two-level voltage waveform, or b) a three-level voltage waveform. When both sides employ a
two-level voltage waveform, it is known as single-phase-shift (SPS) control. When the
primary-side voltage is three-level and the secondary-side voltage is two-level, it is known as
primary-dual-phase-shift (PDPS) control. When the primary-side voltage is two-level and the
secondary-side voltage is three-level, it is known as secondary-dual-phase-shift (SDPS)
control. Finally, when both the primary-side and secondary-side H-bridge voltages are three-
level waveforms, it is known as triple-phase-shift (TPS) control.

[0008] The power converter also includes a control system coupled to the primary-

side H-bridge and the secondary-side H-bridge. The control system is configured to control
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the primary-side H-bridge and the secondary-side H-bridge to operate differently during
moments of high or low values of instantaneous power transfer. During high instantaneous
powers, the control system may direct a) the primary-side H-bridge to generate a two-level
voltage waveform or b)the secondary-side H-bridge to generate a two-level voltage
waveform, while the other H-bridge still generates a three-level voltage waveform. In the low
power mode, the control system may direct both the primary-side H-bridge and the
secondary-side H-bridge to generate a three-level voltage waveform.

[0009] Before the embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited to the details of operation or to the details of
construction and the arrangement of the components set forth in the following description or
illustrated in the drawings. The invention may be implemented in various other embodiments
and of being practiced or being carried out in alternative ways not expressly disclosed herein.
Also, it is to be understood that the phraseology and terminology used herein are for the
purpose of description and should not be regarded as limiting. The use of “including” and
“comprising” and variations thereof is meant to encompass the items listed thereafter and
equivalents thercof as well as additional items and equivalents thereof. Further, enumeration
may be used in the description of various embodiments. Unless otherwise expressly stated,
the use of enumeration should not be construed as limiting the invention to any specific order
or number of components. Nor should the use of enumeration be construed as excluding from
the scope of the invention any additional steps or components that might be combined with or

into the enumerated steps or components.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Fig. 1 depicts a power converter according to one embodiment of the present

disclosure.
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[0011] Fig. 2 shows a voltage, current, and switch timing diagram for operating the
power converter of Fig. 1 according to one embodiment in a dual-phase-shift mode with a
three-level secondary-voltage.

[0012] Fig. 3 shows a voltage, current, and switch timing diagram for operating the
power converter of Fig. 1 according to one embodiment in a dual-phase-shift mode a three-
level primary-voltage.

[0013] Fig. 4 depicts simulated AC grid voltage and current waveforms of the power
converter of Fig. 1 in one embodiment using only a dual-phase-shift control mode.

[0014] Fig. 5 shows a voltage, current, and switch timing diagram for operating the
power converter of Fig. 1 according to one embodiment in a triple-phase-shift mode with
non-overlapping transformer voltages.

[0015] Fig. 6 shows a voltage, current, and switch timing diagram for operating the
power converter of Fig. 1 according to one embodiment in a triple-phase-shift mode with
overlapping transformer voltages.

[0016] Fig. 7 depicts a region of operation of the power converter according to one
embodiment over a full range of phase shifts for triple-phase-shift control at constant
switching frequency.

[0017] Fig. 8 depicts simulated operation of transformer current levels in the power
converter according to one embodiment using the proposed multi-phase-shift control.

[0018] Fig. 9 depicts experimental transformer operating voltage and current
waveforms of the power converter of Fig. 1 according to one embodiment during the

transition between the triple-phase-shift and dual-phase-shift modes.

DETAILED DESCRIPTION OF THE CURRENT EMBODIMENTS

[0019] A power converter in accordance with one embodiment of the present
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disclosure is shown in Fig. 1 and designated 100. The power converter 100 includes a
primary-side H-bridge 104 and a secondary-side H-bridge 108 operatively coupled to a
transformer 106 formed of a primary winding and a secondary winding. The primary-side H-
bridge 104 and the secondary-side H-bridge 108 are operatively coupled to a controller 102
that directs operation of the power converter 100. In one embodiment, the controller 102
controls switching operation of the primary-side H-bridge 104 and the secondary-side H-
bridge 108 to convert a DC input provided to the primary-side H-bridge 104 to a DC output
generated from the secondary-side H-bridge 108.

[0020] In the illustrated embodiment, the controller 102 is isolated from the
secondary-side H-bridge 108 such that control over the secondary-side H-bridge 108 is
effected through control signals communicated in a galvanically isolated manner (e.g., opto-
isolators). It should be understood that, in one embodiment, the controller 102 may be
directly coupled to the secondary-side H-bridge 108 to direct switching operation thereof.
[0021] The power converter 100 is coupled to a battery 110, directly or indirectly via
a charging control circuit (not shown). The battery 110 and the power converter 100 are
incorporated into a vehicle in the present embodiment, however, it should be understood that
the present disclosure is not limited to the realm of vehicles or battery charging. The power
converter 100 can be utilized in a wide variety of applications outside the realm of vehicles,
and can be utilized in connection with any type of load, including a load other than the
battery 110.

[0022] Referring again to Fig. 1, the primary and secondary windings of the
transformer 106 provide galvanic isolation, and the winding ratio between the primary and
secondary windings of the transformer facilitate stepping up or stepping down the voltage
from the primary-side to the secondary-side to provide a DC output or output voltage V, that

is suitable for charging the battery 110. The power converter 100 includes a rectifier stage



WO 2019/064259 PCT/IB2018/057561

101 that is electrically connected to a grid voltage or another type of AC input, and provides
the DC input for the primary-side H-bridge 104. The controller 102 in one embodiment
directs operation of the rectifier stage 101 to generate the DC input. In the illustrated
embodiment, the rectifier stage includes a filter capacitor 120 for conditioning the output
from switching circuitry M1, M2, M3, M4 of the rectifier stage 101.
[0023] The primary-side H-bridge 104 includes four primary-side switches P1, P2,
P3, P4, two of which are high-side switches and two of which are low-side switches. The
primary-side switches may be conventional Silicon MOSFETs, or they may be wide-bandgap
(WBG) devices, such as Silicon Carbide (SiC) MOSFETs or Gallium Nitride (GaN) HEMTs.
Other WPG devices can include silicon nitride devices, boron nitride devices, aluminum
nitride devices, and semiconductor devices with diamond material. These primary-side-
switches P1-P4 are controlled by the controller 102 to energize the primary of the transformer
106 with power from the DC input in accordance with one or more embodiments herein. In
the illustrated embodiment, the primary-side H-bridge 104 is coupled to the primary winding
of the transformer 106 via an inductor 121. In another embodiment, the leakage inductance of
transformer 106 may also be used to facilitate the magnetic energy storage of inductor 121, in
which case, the primary-side H-bridge 104 may be directly connected to the primary winding
of the transformer 106.
[0024] The secondary-side H-bridge 108 includes four secondary-side switches S1,
S2, S3, S4. As discussed herein, the controller 102 directs operation of the secondary-side
switches S1-S4 to condition power received in the secondary of the transformer 106 to yield
the DC output voltage or V,. In the illustrated embodiment, the secondary-side H-bridge 108
is coupled to a filter capacitor 122 in addition to a load, such as the battery 110.

I.  Overview

[0025] In one embodiment, the primary-side H-bridge 104, transformer 106, and the
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secondary-side H-bridge 108 form a dual-active-bridge (DAB) stage. This DAB stage is
controllable according to one or more methodologies herein to yield zero voltage switching
on all semiconductor switches and unity power factor at low and high power outputs.

[0026] More specifically, in one embodiment, the controller 102 operates the DAB
stage in a dual-phase-shift mode or a triple-phase-shift mode. In the dual-phase-shift mode,
the controller 102 operates the DAB stage so that either the primary-side H-bridge 104 or the
secondary-side H-bridge 108 generates a two-level voltage signal in the transformer 106, and
the other of the primary-side H-bridge 104 and the secondary-side H-bridge 108 generates a
three-level voltage signal in the transformer 106. In multi-phase-shift control, the controller
102 periodically switches between both the dual-phase-shift mode and the triple-phase-shift
mode. These variations can be seen in the experimental waveforms of Fig. 9 in which a DAB
stage is operated according to one embodiment of the present disclosure in a triple-phase-
shift mode and transitions to a dual-phase-shift mode with the stepped voltage signals
corresponding to the input voltage to the primary and the output voltage of the secondary. As
can be seen, there are distinct levels in the secondary-side voltage, v, in accordance with the
three-level mode and two-level mode of operation.

[0027] In one embodiment, the dual-phase-shift mode includes a variable-switching-
frequency (VSF) dual-phase-shift (DPS) mode of operation and the triple-phase-shift mode
includes a constant-switching-frequency (CSF) mode or a variable-switching-frequency
(VSF) mode of operation. Operation according to both the dual-phase-shift mode and the
triple-phase-shift mode, depending on one or more sensed characteristics, may yield a
multiple-phase-shift (MPS) mode of operation. In another embodiment, with this type of
MPS mode of operation, the power converter 100 may 1) realize ZVS turn-on for all switches
within a wide-input range (e.g., 120~240 VAC, from 0 V to the peak grid voltage) and a

wide-output range (e.g., 200~450 VDC) at the DAB stage, and 2) substantially ensure high-



WO 2019/064259 PCT/IB2018/057561

performance at light-load, i.e., maintaining low grid current distortion (unity PF). The VSF-
DPS algorithm may secure ZVS, however its PF performance can deteriorate at light-loads.
The MPS control algorithm may avoid the light-load grid-current distortion by evolving the
VSEF-DPS control to a subset of a triple-phase-shift (TPS) control. In this way, unconditional
ZV S turn-on and unity power factor at light load is realized.

11. Dual-Phase-Shift Mode of Operation

[0028] The dual-phase-shift mode of operation in one embodiment corresponds to a
type of control that includes operating the primary-side H-bridge 104 and the secondary-side
H-bridge 108 to yield a) a two-level voltage signal on the primary and a three-level voltage
signal on the secondary or b) a three-level signal on the primary and a two-level voltage
signal on the secondary. These two types of operation may be characterized respectively as
secondary-side DPS control (SDPS) or primary-side DPS control (PDPS), each being
discussed below.
A. SDPS Control: lvi(H)l < nV,

[0029] The operative timing of the primary-side switches P1-P4 and the secondary-
side switches S1-S4 in accordance with the SPDS mode of control is show in the illustrated
embodiment of Fig. 2. In SPDS, vi(¢) is the instantaneous value of the grid voltage, V. is the
battery voltage, and # is the transformer 106 turn-ratio. Switching period T and phase shift
times ¢ and #v are shown in Fig. 2. The transformer primary-side voltage, vp, is a two-level
square wave, while the secondary-side voltage, vs, is three-level. These two voltages are
responsible for shaping the current of the inductor 121 or transformer leakage inductance, i:.
To maintain symmetry with near-zero switching-current magnitudes of I, #, may be
controlled at least in part as function of the grid voltage and the battery voltage. t»may have a
minimum value to maintain a balanced leakage inductor current. While it is possible to

reduce tvto zero (by setting 7 = 2#), this may involve a very high switching frequency. Thus,
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if t- and #. cannot be zero, there may be a minimum power transfer required for operation.
Increasing frequency can reduce the value of t., but this may be at the expense of increased
semiconductor switching losses and transformer magnetic losses. Thus, operation at light-
load is considered limited by the maximum switching frequency of the system.
B. PDPS Control: lvi()l > nV,

[0030] The operative timing of the primary-side switches P1-P4 and the secondary-
side switches S1-S4 in accordance with the PDPS mode of control is show in the illustrated
embodiment of Fig. 3. To achieve a balanced current with near-zero switching points of I
when lvi(f)l > nV,, a different phase shift # may be added on the primary-side voltage (making
it three-level) while reducing the secondary-side voltage to a square wave, shown in Fig. 3.
Once ¢ is identified, f, or #, and f; may be determined. Note that the control may switch
between PDPS and SDPS frequently (possibly four times per fundamental AC input period)
when the battery voltage is less than the peak AC voltage. Meanwhile, fsand the phase shifts
may be tightly coupled and likely vary at all times. When the required power is low, f; may
be quite high, which is conventionally not a possibility due to switching limitations. Since f;
has an upper-limit, a lower-limit may be imposed on the power transfer, thereby distorting the
grid current. In the illustrated embodiment of Fig. 4, the grid voltage is 208VAC and the
output (battery) voltage is 400V. When the grid voltage is close to zero, the switching
frequency is clamped to a pre-set limit (500kHz in the simulation results of Fig. 4), resulting
in a bumpy/distorted input current. Such current distortion becomes worse at light load.

I11. Triple-Phase-Shift Mode of Operation

[0031] The triple-phase-shift mode of operation in one embodiment corresponds to
controlling the primary-side H-bridge 104 and the secondary-side H-bridge 108 to yield a
three-level voltage signal on the primary of the transformer and a three-level voltage signal

on the secondary of the transformer. This type of operation enhances light-load control
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capability and can yield near-unity power factor under light load conditions while
maintaining ZVS down to zero power.

[0032] The operative timing of the primary-side switches P1-P4 and the secondary-
side switches S1-S4 according to two types of TPS control are shown in the illustrated
embodiments of Figs. 5 and 6. In TPS, the rising edge of Prand Ssin Fig. 5 maintain a phase
shift of ¢.. Meanwhile, a second phase-shift, ¢», is placed between P:1 & Psand a third phase-
shift, ¢s, is placed between P1 & Si. This makes both, the primary and secondary voltages of
the transformer 106, three-level waveforms. Both ¢, and ¢, work to regulate the near-zero
switching current, /,, which is responsible for maintaining ZVS during 4 of the 8 switching-
on cycles within a period.

[0033] The transformer voltages and current are shown in Fig. 5. The power is
regulated by ¢, and ¢s. Note that, since the three phase shifts are independent of each other, it
is possible that ¢, < ¢sor ¢» > ¢s; the former case is denoted as the “non-overlap condition” as
shown in Fig. 5 and the latter is denoted as the “overlap condition”, shown in Fig. 6. The
variables, %, t, t, to and f» are denoted as the primary-active, secondary-active, reactive,
inactive, and overlap time intervals. 7 is the switching period. The value /; is the magnitude
of the current during the reactive power transfer intervals when P1, S4, P2, or S3 turn on.
[0034] To realize ZVS turn-on during the switching of P1, P2, S3, and S4, the
magnitude of /- is selected to be sufficient enough to completely discharge the drain-source
capacitances of the upper and lower switching devices during dead-time. ZVS turn-on of the
other four switching events (P3, P4, S1, and S2) may be substantially guaranteed since the
transformer current will be larger than I,. The value I, is the peak transformer current
magnitude during the primary active-power-transfer interval when v, # 0 & vy = 0. Similarly,
I; the peak current magnitude of the secondary active-power-transfer interval when v, # 0 and

v, = (. To substantially ensure that the value of I, remains constant at the P1, S4, P2, and S3
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turn-on points (and that the iz waveform is balanced), the two active-time intervals are

determined as proportional to the primary and secondary-side voltages. The power transfer of

the DAB operating under TPS control in the non-overlap case can be described as:
ple)=nV,(I, + 1),

which, after substituting and rearranging, yields the following:

1.

5

pl)=0nv, 1, £ ), + [MJ

L

[0035] This expression for power is a quadratic function of the secondary active-time
interval, ;. We could also rewrite this power expression in terms of #, and lv;l.

[0036] While the output power depends on I, fi, t,, and t,, the value of I, is
independently controlled by only ¢, the voltage magnitudes, and leakage inductance, L. Thus,
I could be set to a constant desired value, determined by the switching device’s output
capacitance and maximum voltage while the power can be set by varying either fs and/or the
time intervals. Here, the ZVS condition may be completely decoupled from the power
delivery, unlike DPS control. Thus, from a control-standpoint, there is no significant need to
vary fs; this will vary the width of the o inactive region of the switching waveform. This
mode of operation may resolve the PF distortion problem of VSF DPS control at light loads.
[0037] One main limitation of non-overlap TPS is the maximum power transfer can
be quite low for practical system parameter and voltage values. Additionally, the efficiency
of non-overlap TPS will be quite low, since a majority of the transformer current is
circulating during the inactive period, fo, possibly leading to excessive conduction losses. For
larger power transfer under TPS, both time intervals £, and ¢, may be made larger, such that ¢,
> ¢,. In this condition, both voltages are non-zero for three time intervals: the overlap, active,

and reactive intervals with power transfer described as:

p()=nV, £ (1, +1)e,+ (1, +1.)s,,]
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which after substation and rearrangement yields:

—nV,(iT-1.)

2

_ |"i f
P(f) T

oL+ (T -1, NV, —|vi|)}(tp +1,)

- (viz +nV, +n2V02)/(nV0)(tp +1, )

Vi
[0038] This power expression is also a quadratic function of the total active time
interval (¢, + t,, in this case). Also, note that the sign on the 2nd-order term is negative,
indicating that there exists a maximum-power-point achievable with this control. If the
switching frequency is lowered under TPS control, it is possible to increase the maximum
power point, Pmax, to any arbitrary value (within reasonable system limitations).

[0039] It therefore is possible to utilize a VSF TPS control to cover the entire power
range. However, one downside with such a scheme is that the circulating current and peak
switching currents can become quite large with lower frequencies. Lowering the frequency in
the non-overlap region may increase the £ time interval in Fig. 5, which will not contribute
any active power transfer and adds conduction loss. Furthermore, the highest peak current
will occur at the boundary of non-overlap TPS and overlap TPS. Lowering the frequency
may directly increase this value. Therefore, to reduce excessive conduction losses, a high
TPS switching frequency may be maintained, which will consequently result in a low peak-
power point.

1V. MPS Control — Dual and Triple Phase Shift Modes

[0040] As noted above, MPS control of the power converter is achieved with a
combination of any two or more of the following modes of control: SPS, primary-side DPS,
secondary-side DPS, and TPS. The following Table 1 depicts each mode of control and the
corresponding waveforms for both the primary voltage and the secondary voltage. Of note,

SPS may be used in conjunction with MPS control, but only under limited circumstances.

Mode Primary Voltage Secondary Voltage
1 SPS Two-level Two-level
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2 PDPS Three-level Two-level
3 SDPS Two-level Three-level
4 TPS Three-level Three-level
5 MPS A combination of the above
Table 1. Modes of Control of a Power Converter
[0041] Further by example, the controller 102 in one embodiment operates according

to an MPS mode of operation that utilizes both the dual-phase-shift mode of operation and
the triple-phase-shift mode of operation. The determination of whether to switch from the
dual-phase-shift mode of operation or the triple-phase-shift mode of operation is based on the
amount of power being consumed. The controller 102 is coupled to one or more sensors of
the power converter 100 configured to sense one or more characteristics of power in the
power converter 100. Based on the one or more sensed characteristics, the controller 102 may
determine to operate according to the dual-phase-shift mode or the triple-phase-shift mode. In
one embodiment, the controller 102 may determine to operate in the triple-phase-shift mode
based on the one or more sensed characteristics indicating low power consumption, and to
operate in the dual-phase-shift mode based on the one or more sensed characteristics
indicating high power consumption. Examples of the change from the triple-phase-shift mode
to the dual-phase-shift mode are depicted in the illustrated embodiments of Figs. 7, 8, and 9.

[0042] The MPS control methodology resolves the complexity and PF distortion of
the PDPS + SDPS control and the low efficiency of TPS control. The MPS control
methodology in one embodiment may include operation according to high-frequency TPS
control (primary and secondary as three-level) and VSF DPS control (primary or secondary
as two-level and the other as three-level). The determination to switch or shift between TPS
mode and the DPS mode may be based on one or more sensed characteristics and/or one or
more operating parameters. For instance, at a given switching frequency, the controller 102

may calculate the expected output power under both control schemes (e.g., a power
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value). The transition point may occur when those power values are equal or very close to
equal. The controller 102 may determine this equality and control the operation to change
modes at or near the transition point, which is where the power levels are close to equal,
resulting in substantially low or no distortion.

[0043] In the illustrated embodiment of Fig. 8 the difference in current stresses are
shown: TPS has a higher current stress than DPS. Higher power may be achieved in TPS, but
the efficiency is lower because the current is also higher. The TPS output power vs. one of
the active phase shift values (¢, or ¢) at constant switching frequency is shown in Fig. 7. As
can be seen, there are two TPS quadratic waveforms, with the TPS power expressions plotted
against the primary active phase shift, ¢,, assuming that vil < nV.. The far right-hand side of
Fig. 7 is a boundary condition where ¢, has reached 180 degrees. A similar condition may
occur where ¢ reaches 180 degrees before ¢, (in the case of lvil > nV.). The phase shift that
substantially maximizes depends on the larger of the two transformer voltage magnitudes. If
one of the two phase shifts reaches 180 degrees, the control will effectively reduce to DPS.
Thus, DPS may be considered as a subset of TPS control in one embodiment.

[0044] In MPS, the TPS non-overlap and some of the TPS overlap control ranges may
be used during low instantaneous power output intervals. When the instantaneous power
demand is approximately equal to the TPS/DPS equal-power-point and is increasing, the
controller 102 may phase-jump from the left-side power-point to the right-side power-point in
Fig. 7. This phase jump is a transition from TPS to DPS. Higher powers may be achieved by
maintaining DPS operation while lowering the switching frequency. When the power is
decreasing, a reverse phase-jump from DPS back to TPS may be used.

[0045] This type of control may be visualized in the simulation waveform of Fig. 8.
Transformer peak current and transformer RMS current of over half of a fundamental cycle

of the grid are shown while operating at 7.2 kW output. From 0° to ~45° and from ~135° to
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180°, the instantaneous power demand is low and so TPS may be used. For grid angles
between 45° and 135°, the instantaneous power is higher than the TPS/DPS equal power
point, and so the control may phase-jump to use DPS in this range. As can be seen, the
transformer peak and RMS currents sharply reduce while under DPS control. Meanwhile,
unity power factor can be achieved by using TPS in the light-load regions.

[0046] The MPS control according to one embodiment may yield the following:
(1) with low instantaneous power, the DAB operates using TPS on the left-side of the power
curve in Fig. 7; (2) when the instantaneous power exceeds the TPS/DPS equal-power-point,
the controller 102 may jump to the right-side of the power curve in Fig. 7 and operate under
VSF DPS; and (3) when the instantaneous power reduces, the controller 102 may jump back
to TPS to control the power down to zero. This entire process may occur twice for every
fundamental period of the AC grid input voltage.

[0047] As used herein, “two-level voltage waveform” or “two-level voltage signal”
means an AC step voltage that alternates between a maximum value and a minimum value,
with no intermediate step voltage therebetween, an example being shown in Fig. 2 (v5). As
also used herein, “three-level voltage waveform” or “three-level voltage signal” means a
multi-level AC step voltage that comprises at least one intermediate step voltage at any point
between a maximum value and a minimum value, an example being shown in Fig. 2 (v,).
Each step voltage is predominately constant for at least a minimum time period, also shown
in Fig. 2.

[0048] The above description is that of current embodiments of the invention. Various
alterations and changes can be made without departing from the spirit and broader aspects of
the invention. This disclosure is presented for illustrative purposes and should not be
interpreted as an exhaustive description of all embodiments of the invention or to limit the

scope of the claims to the specific elements illustrated or described in connection with these
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embodiments. Any reference to elements in the singular, for example, using the articles “a,”

13

an,” “the,” or “said,” is not to be construed as limiting the element to the singular.
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CLAIMS
1. A system comprising:

a dual-active-bridge (DAB) converter having a transformer, a first H-bridge coupled
to a primary winding of the transformer and controlled by first control signals, and a second
H-bridge coupled to a secondary winding of the transformer and controlled by second control
signals;

a controller to provide the first control signals to the first H-bridge for a two-level
voltage waveform or a three-level voltage waveform in the primary winding, the controller
being further adapted to provide the second control signals to the second H-bridge for a two-
level voltage waveform or a three-level voltage waveform in the secondary winding; and

a load coupled to the second H-bridge of the DAB converter and having a power
consumption, wherein, in a dual-phase-shift (DPS) mode of operation, the controller causes a
two-level voltage waveform in at least one of the primary winding and the secondary winding
in response to the power consumption being above a predetermined threshold, and wherein,
in a triple-phase-shift (TPS) mode of operation, the controller causes a three-level voltage
waveform in each of the primary winding and the secondary winding in response to the
power consumption being less than the predetermined threshold.

2. The system of claim 1 wherein the load includes a rechargeable vehicle battery.

3. The system of claim 1 wherein the primary winding includes a two-level voltage
waveform and the secondary winding includes a three-level voltage waveform when the
power consumption of the load is greater than the predetermined threshold.

4. The system of claim 1 wherein the primary winding includes a three-level voltage
waveform and the secondary winding includes a two-level voltage waveform when the power
consumption of the load is greater than the predetermined threshold.

5. The system of claim 1 wherein the primary winding includes a two-level voltage
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waveform and wherein the secondary winding includes a two-level voltage waveform when
the power consumption of the load is greater than the predetermined threshold.

6. The system of claim 1 wherein the controller is adapted to calculate the expected
power output of the DAB converter for determining when to transition from the DPS mode of
operation to the TPS mode of operation.

7. The system of claim 6 wherein the controller is operable to transition from the DPS
mode of operation to the TPS mode of operation when the expected power output of the DAB
converter is substantially equal for both modes of operation.

8. The system of claim 1 wherein the controller is operable to increase the power output
of the DAB converter by lowering a switching frequency of the DAB converter during the

DPS mode of operation.

9. The system of claim 1 wherein the DAB converter is coupled to a rectified AC grid
voltage.
10. The system of claim 1 further including an inverter adapted to convert an AC grid

voltage into a DC voltage for the DAB converter.
11. A method for controlling a dual-active-bridge (DAB) converter having a transformer,
a first H-bridge coupled to a primary winding of the transformer, and a second H-bridge
coupled to a secondary winding of the transformer, the method comprising:

providing first control signals to the first H-bridge to selectively cause a two-level
voltage waveform or a three-level voltage waveform in the primary winding of the
transformer;

providing second control signals to the second H-bridge to selectively cause a two-
level voltage waveform or a three-level voltage waveform in the secondary winding of the
transformer;

in response to a load coupled to the second H-bridge having a high power
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consumption, generating a two-level voltage in at least one of the primary winding and the
secondary winding;

in response to the load transitioning to a low power consumption, generating a three-
level voltage waveform in the primary winding and the secondary winding.
12. The method of claim 11 wherein the load includes a rechargeable vehicle battery.
13. The method of claim 11 wherein transitioning from a high power consumption to a
low power consumption is determined relative to a predetermined threshold value.
14. The method of claim 11 wherein the primary winding includes a two-level voltage
waveform and the secondary winding includes a three-level voltage waveform during high
power consumption.
15. The method of claim 11 wherein the primary winding includes a three-level voltage
waveform and the secondary winding includes a two-level voltage waveform during high
power consumption.
16. The method of claim 11 wherein the primary winding includes a two-level voltage
waveform and the secondary winding includes a two-level voltage waveform during high
power consumption.
17. The method of claim 11 further including generating a two-level voltage waveform in
the primary winding in response to the load returning to the high power consumption.
18. The method of claim 11 further including generating a two-level voltage waveform in
the secondary winding in response to the load returning to the high power consumption.
19. The method of claim 11 further including generating a two-level voltage waveform in
the first and secondary windings in response to the load returning to the high power
consumption.
20. A system comprising:

a primary-side H-bridge configured to transfer power to a secondary-side H-bridge in
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response to a multi-level signal applied to a primary winding, wherein the primary-side H-
bridge is coupled to a DC input, the primary-side H-bridge configured to supply power from
the DC input according to a) a two-level mode in which the primary-side H-bridge supplies
power from the DC input to the primary winding, using a two-level voltage signal in the
primary winding and b) a three-level mode in which the primary-side H-bridge supplies
power from the DC input to the primary winding, using a three-level voltage signal in the
primary winding;

a secondary-side H-bridge to rectify power received in a secondary winding to
provide rectified power for the DC output, the secondary-side H-bridge being operable
according to a) a two-level secondary mode in which operation of the secondary side H-
bridge generates a two-level voltage signal in the secondary winding in conjunction with
power received from the primary winding and b) a three-level secondary mode in which
operation of the secondary side H-bridge generates a three-level voltage signal in the
secondary winding in conjunction with power received from the primary winding; and

a controller operatively coupled to the primary-side H-bridge and the secondary side
H-bridge and configured to operate in a low power mode and a high power mode, wherein, in
the high power mode, the control system directs the primary-side H-bridge to operate in the
two-level primary mode or the secondary side H-bridge to operate in the two-level secondary
mode, and wherein, in the low power mode, the control system directs the primary-side H-
bridge to operate in the three-level primary mode and the secondary side H-bridge to operate

in the three-level secondary mode.
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AMENDED CLAIMS
received by the International Bureau on 14 January 2019 (14.01.2019)

1. A system comprising:

a dual-active-bridge (DAB) converter having a transformer, a first H-bridge coupled
to a primary winding of the transformer and controlled by first control signals, and a second
H-bridge coupled to a secondary winding of the transformer and controlled by second control
signals;

a controller to provide the first control signals to the first H-bridge for a two-level
voltage waveform or a three-level voltage waveform in the primary winding, the controller
being further adapted to provide the second control signals to the second H-bridge for a two-
level voltage waveform or a three-level voltage waveform in the secondary winding; and

a load coupled to the second H-bridge of the DAB converter and having a power
consumption, wherein, in a dual-phase-shift (DPS) mode of operation, the controller causes a
two-level voltage waveform in at least one of the primary winding and the secondary
winding, and wherein, in a triple-phase-shift (TPS) mode of operation, the controller causes a
three-level voltage waveform in each of the primary winding and the secondary winding,

wherein the controller is operable to cause a transition from the TPS mode of
operation to the DPS mode of operation in response to an expected power output of the DAB
converter in the TPS mode of operation being equal to an expected power output of the DAB
converter in the DPS mode of operation in combination with a detected increase in the power
consumption of the load.

2, The system of claim 1 wherein the load includes a rechargeable vehicle battery.

3. The system of claim 1 wherein the controller is adapted to calculate the expected
power output of the DAB converter for determining when to transition from the DPS mode of
operation to the TPS mode of operation.

4, The system of claim 3 wherein the controller is operable to transition from the DPS

mode of operation to the TPS mode of operation when the expected power output of the DAB

AMENDED SHEET (ARTICLE 19)
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converter is substantially equal for both modes of operation and the power consumption of
the load is decreasing.
5. The system of claim 1 wherein the controller is operable to increase the power output
of the DAB converter by lowering a switching frequency of the DAB converter during the
DPS mode of operation.
6. The system of claim 1 wherein the DAB converter is coupled to a rectified AC grid
voltage.
7. The system of claim 1 further including an inverter adapted to convert an AC grid
voltage into a DC voltage for the DAB converter.
8. A method for controlling a dual-active-bridge (DAB) converter having a transformer,
a first H-bridge coupled to a primary winding of the transformer, and a second H-bridge
coupled to a secondary winding of the transformer, the method comprising:

providing first control signals to the first H-bridge to selectively cause a two-level
voltage waveform or a three-level voltage waveform in the primary winding of the
transformer;

providing second control signals to the second H-bridge to selectively cause a two-
level voltage waveform or a three-level voltage waveform in the secondary winding of the
transformer;

wherein, in a dual-phase-shift (DPS) mode of operation, a controller causes a two-
level voltage waveform in the primary winding or the secondary winding, wherein, in a
triple-phase-shift (TPS) mode of operation, the controller causes a three-level voltage
waveform in the primary winding and in the secondary winding, and wherein, at a TPS/DPS
equal-power-point, the controller determines that a power output in the TPS mode of
operation is equal to a power output in the DPS mode of operation;

in response to a load coupled to the second H-bridge having a high power

AMENDED SHEET (ARTICLE 19)
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consumption that is increasing and equal to the TPS/DPS equal-power-point, generating a
two-level voltage in at least one of the primary winding and the secondary winding; and

in response to the load transitioning to a low power consumption that is decreasing
and equal to the TPS/DPS equal-power-point, generating a three-level voltage waveform in
the primary winding and the secondary winding.
9. The method of claim 8 wherein the load includes a rechargeable vehicle battery.
10.  The method of claim 8 wherein transitioning from a high power consumption to a low
power consumption is determined relative to a predetermined threshold value.
11.  The method of claim 8 wherein the primary winding includes a two-level voltage
waveform and the secondary winding includes a three-level voltage waveform during high
power consumption.
12. The method of claim 8 wherein the primary winding includes a three-level voltage
waveform and the secondary winding includes a two-level voltage waveform during high
power consumption.
13. The method of claim 8 wherein the primary winding includes a two-level voltage
waveform and the secondary winding includes a two-level voltage waveform during high
power consumption.
14.  The method of claim 8 further including generating a two-level voltage waveform in
the primary winding in response to the load returning to the high power consumption.
15.  The method of claim 8 further including generating a two-level voltage waveform in
the secondary winding in response to the load returning to the high power consumption.
16.  The method of claim 8 further including generating a two-level voltage waveform in
the first and secondary windings in response to the load returning to the high power
consumption.

17. A system comprising:

AMENDED SHEET (ARTICLE 19)
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a primary-side H-bridge configured to transfer power to a sccondary-side H-bridge in
response to a multi-level signal applied to a primary winding, wherein the primary-side H-
bridge is coupled to a DC input, the primary-side H-bridge configured to supply power from
the DC input according to a) a two-level mode in which the primary-side H-bridge supplies
power from the DC input to the primary winding, using a two-level voltage signal in the
primary winding and b) a three-level mode in which the primary-side H-bridge supplies
power from the DC input to the primary winding, using a three-level voltage signal in the
primary winding;

a sccondary-side H-bridge to rectify power rececived in a secondary winding to
provide rectified power for the DC output, the secondary-side H-bridge being operable
according to a) a two-level secondary mode in which operation of the secondary side H-
bridge generates a two-level voltage signal in the secondary winding in conjunction with
power received from the primary winding and b) a three-level secondary mode in which
operation of the secondary side H-bridge generates a three-level voltage signal in the
secondary winding in conjunction with power received from the primary winding; and

a controller operatively coupled to the primary-side H-bridge and the secondary side
H-bridge and configured to operate in a low power mode and a high power mode, wherein, in
the high power mode, the controller directs the primary-side H-bridge to operate in the two-
level primary mode or the secondary side H-bridge to operate in the two-level secondary
mode, and wherein, in the low power mode, the controller directs the primary-side H-bridge
to operate in the three-level primary mode and the secondary side H-bridge to operate in the
three-level secondary mode,

wherein the controller is further operable to cause the DAB converter to transition
from the low power mode to the high power mode in response to an increasing power

demand in combination with an expected power output in the low power mode being equal to

AMENDED SHEET (ARTICLE 19)
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an expected power output in the high power mode.

AMENDED SHEET (ARTICLE 19)
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