Innovation, Sciences et
Développement économique Canada

Office de la Propriété Intellectuelle du Canada

i+l

Innovation, Science and CA 3221742 A1 2022/12/01
Economic Development Canada

Canadian Intellectual Property Office (21) 3 221 742
(12 DEMANDE DE BREVET CANADIEN

CANADIAN PATENT APPLICATION

(13 A1

(86) Date de dépot PCT/PCT Filing Date: 2022/05/12

(87) Date publication PCT/PCT Publication Date: 2022/12/01
(85) Entrée phase nationale/National Entry: 2023/11/27

(86) N° demande PCT/PCT Application No.: CA 2022/050755
(87) N° publication PCT/PCT Publication No.: 2022/246540
(30) Priorités/Priorities: 2021/05/28 (US63/194,836);

(51) CLInt./Int.Cl. HO2S 40/30 (2014.01),
HO2M 3/04 (2006.01)

(71) Demandeurs/Applicants:
KANATHIPAN, KAJANAN, CA,
LAM, JOHN, CA

(72) Inventeurs/Inventors:
KANATHIPAN, KAJANAN, CA;

2022/03/28 (US63/324,331)

LAM, JOHN, CA
(74) Agent: AIRD & MCBURNEY LP

(54) Titre : CONVERTISSEUR PHOTOVOLTAIQUE ELEVATEUR DE TENSION A ETAGE UNIQUE MODULAIRE DOTE D'UN
ELEMENT D'EQUILIBRAGE DE PUISSANCE INTEGRE
(54) Title: MODULAR SINGLE-STAGE STEP-UP PV CONVERTER WITH INTEGRATED POWER BALANCING FEATURE

Single-siage conversian with high AU link

(57) Abrégé/Abstract:

>

Propesed PRU wht High Frequency 48

¥esht |Gate Driver|

Contenlior for the
proposed soilve egliage 18
gRadrupiorg

Figure 14

A modular single-stage photovoltaic step-up converter system with integrated power balancing, the converter system comprising:
an input stage comprising at least one converter module, the at least one converter module comprising a single voltage-sensor
based maximum power point (MPP) tracking controller and a power circuit; and an output stage comprising an active voltage
quadrupler (VQ) circuit for achieving balanced output voltages amongst each of the at least one converter modules, and wherein
the least one converter modules are coupled together in a circular configuration.

C ana dg http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - http:/cipo.ge.ca

OPIC

OPIC - CIPO 191



woO 20227246540 A1 |0 0000 KO0 0 00 0 R0

CA 03221742 2023-11-27

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

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 OO0 0 0 OO A0

International Bureau % (10) International Publication Number

WO 2022/246540 A1l

(43) International Publication Date
01 December 2022 (01.12.2022) WIRPOIPCT

(51) International Patent Classification: (74) Agent: SABETA, Anton C. et al.; Aird & McBurney LP,
HO02S 40/30 (2014.01) HO02M 3/04 (2006.01) Brookfield Place, 181 Bay Street, Suite 1800, Toronto, On-

(21) International Application Number: tario M3 2T9 (CA).

PCT/CA2022/050755 (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AOQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

12 May 2022 (12.05.2022) CA, CH, CL. CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
(25) Filing Language: English Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR,HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, KG, KH,

(22) International Filing Date:

(26) Publication Language: English KN, KP, KR, KW, KZ, LA, LC. LK, LR, LS, LU, LY, MA.
(30) Priority Data: MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
63/194,836 28 May 2021 (28.05.2021) US NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
63/324,331 28 March 2022 (28.03.2022) US RW, SA, SC, 8D, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM,

(72) Inventors; and 7ZW.

(71) Applicants: KANATHIPAN, Kajanan [CA/CA]; 25 San
Romanoway Apt. 608, Toronto, Ontario M3N 2Z1 (CA). (84) Designated States (unless otherwise indicated, for every
LAM, John [CA/CA]; 3193 Millicent Ave., Oakville, On- kind of regional protection available). ARIPO (BW, GH,
tario L6H 0V4 (CA). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(54) Title: MODULAR SINGLE-STAGE STEP-UP PV CONVERTER WITH INTEGRATED POWER BALANCING FEATURE

Single-siuge conversion with high lreyuency AC link

Proposed PEL with High Frequency
22a, Linking Active Voltage Qusdruplers

N} |Gate Driver|
Circult

22

22c

Figure 14

(57) Abstract: A modular single-stage photovoltaic step-up converter system with integrated power balancing, the converter system
comprising: an input stage comprising at least one converter module, the at least one converter module comprising a single voltage-sen-
sor based maximum power point (MPP) tracking controller and a power circuit; and an output stage comprising an active voltage
quadrupler (VQ) circuit for achieving balanced output voltages amongst each of the at least one converter modules, and wherein the
least one converter modules are coupled together in a circular configuration.

[Continued on next page]



CA 03221742 2023-11-27

WO 2022/246540 A1 | /1110 ) 00000000 00 0 20 O

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

— in black and white; the international application as filed
contained color or greyscale and is available for download
Jrom PATENTSCOPE



CA 03221742 2023-11-27

WO 2022/246540 PCT/CA2022/050755

MODULAR SINGLE-STAGE STEP-UP PV CONVERTER WITH INTEGRATED
POWER BALANCING FEATURE

FIELD

[0001] Aspects of the disclosure relate to medium and large-scale photovoltaic
(PV) power conversion.

BACKGROUND

[0002] Due to the detrimental impact of greenhouse gases on our environment
there has been a shift towards the use of renewable energy resources. These resources
are abundant in nature and environmentally friendly compared with conventional
energy resources such as fossil fuels. Photovoltaic (PV) energy has the highest growth
rate among all the renewable energy resources, with its global capacity increased from
5.1GW to 625GW from 2005 to 2019 [1-2]. As the output voltage of an individual
PV panel is low, multiport modular converters are becoming a popular power
distribution structure to match the DC-grid voltage. However, these topologies must
be able to achieve a high voltage gain, provide individual maximum power point
(MPP) tracking, and balance the output voltage of each module [3-7].

[0003] A basic photovoltaic energy based multiport modular MVdc system is
shown in Figure 1. This is a two-stage system where the first stage performs maximum
power extraction and step-up while the second stage provides an additional step-up
while regulating the modules output voltage. This approach requires two DC-DC
converters, and therefore increases the size and cost of the system, while lowering the
efficiency due to processing the power multiple times [7]. Instead of relying on large
step-up converters, one option is a multi-bus approach which utilizes two or more
voltage busses to help transfer the power from the input to the load [6].

[0004] Another approach is the input-independent, output-series (IIOS) topology
shown in Figure 2 which typically employs full-bridge converters due to their
isolation capabilities and large-step up gain. However, achieving a large gain requires
a significant transformer turns ratio, which leads to a large and bulky system. Further,
to balance the modules output voltage this approach requires the use of additional
power balance unit (PBU) consisting of semiconductor or passive components, adding

to the size and cost and increasing the complexity. For example, [3-5] requires the use
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of two switches and an inductor to perform voltage balancing. To minimize the
required components, |7] integrated two switches into a voltage doubler and utilizeS
an additional inductor to allow for power flow between modules. However, this still
results in additional components being required to balance the output voltage.

[0005] In order for the topologies shown in Figure 1 to extract the maximum
power from their input PV panels, MPP controllers are required. These controllers
need the input voltage and current of the converter to directly calculate the operating
panel power and determine how to move towards the maximum operating point. To
ensure accurate measurements the input voltage and current need to be stable,
requiring the use of large electrolytic input capacitors. These capacitors are known to
have a significantly lower life expectancy than the converter itself which leads to
instability, and increased maintenance and increased associated costs.

[0006] Obtaining the voltage measurement can simply be performed using a
resistive bridge consisting of two resistors where the midpoint is sent to the controller.
Measuring the input current is more complex and is typically done through the use of
a Kelvin sense resistor or a Hall-effect sensor. Kelvin sense resistors are placed in
series with the desired current which results in a voltage drop. This voltage is sent to
a controller and with the knowledge the value of the sense resistor, the current can be
calculated. The larger this resistance the more accurate the current measurement is,
however this also results in increased power loss. While Hall effect sensors can
provide accurate (<1% error) current measurements without power loss, however, the
sensors require additional power supplies to operate which results in a larger system
and a higher cost.

[0007] To circumvent issues with current sensors, several papers in literature have
discussed current sensor-less maximum power tracking techniques. In [8, 9] two
voltage sensors, known converter parameter values, and the load resistance are used
to estimate the input current such that P&O can be employed. In [10] the authors
utilize a double capacitor interface to estimate the PV panel current, a method that
requires two voltage sensors and knowledge of the input inductance and capacitance.
In both these cases it can be understood that the controllers rely on known converter

parameters and as a result their MPP algorithms must be tuned for different
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converters. Also, parameters of passive converter components can change overtime,
leading to incorrect estimations and low tracking efficiency. Instead of estimating the
operating current, other MPP tracking methods makes use of irradiance, temperature,
and voltage sensors [12]. The measured irradiance and temperature are sent into a
trained neural network to determine the approximate voltage required to operate at the
MPP (Vmp) at each operating condition. To reduce the cost of multiple sensors,
tracking methods that consist of only a single voltage sensor have been presented
[10,12-13]. By measuring the input voltage and having knowledge of the operating
duty cycle, the controller can determine whether the system is at the MPP. However,
as with the previously discussed current-senseless techniques, the controllers are
designed for a specific power converter which diminishes their range of application.
SUMMARY
[0008] In one of its aspects, a modular single-stage photovoltaic step-up
converter system with integrated power balancing, the converter system comprising:
an input stage comprising at least one converter module, the at least one
converter module comprising a single voltage-sensor based maximum power point
(MPP) tracking controller and a power circuit, wherein the power circuit in each at
least one converter module comprises an integrated boost and a CLL resonant
converter which allows for both MPP tracking and soft-switching operation; and
an output stage comprising an active voltage quadrupler (VQ) circuit for
achieving balanced output voltages amongst each of the at least one converter
modules, and wherein the least one converter modules are coupled together by an
output inductor, along with duty ratio control of the active VQ circuit, and whereby
natural output voltage balancing is achieved without using additional power circuit
components.
[0009] In another of its aspects, a modular single-stage photovoltaic step-up
converter system with integrated power balancing, the converter system comprising:
an input stage comprising at least one converter module, the at least one
converter module comprising a single voltage-sensor based maximum power point

(MPP) tracking controller and a power circuit; and
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an output stage comprising an active voltage quadrupler (VQ) circuit for
achieving balanced output voltages amongst each of the at least one converter
modules, and wherein the least one converter modules are coupled together in a
circular configuration.
[0010] In another of its aspects, a modular single-stage photovoltaic step-up
converter system with integrated power balancing, the converter system comprising:

an input stage comprising a first converter module and a second converter
module, each of the converter modules comprising a single voltage-sensor based
maximum power point (MPP) tracking controller and a power circuit; and

an output stage comprising an active voltage quadrupler (VQ) circuit
coupled to the first converter module and the second converter module.
[0011] In another of its aspects, a modular single-stage photovoltaic step-up
converter system for a photo-voltaic (PV) array, the converter system comprising:

an input stage comprising a first converter module and a second converter
module, each of the converter modules comprising a single voltage-sensor based
maximum power point (MPP) tracking controller and a power circuit;

an output stage comprising an active voltage quadrupler (VQ) circuit
coupled to the first converter module and the second converter module; and

wherein inputs to the first converter module and the second converter
module are connected in parallel, and connected to the PV array.
[0012] In another of its aspects, a modular single-stage photovoltaic step-up
converter system with integrated power balancing, the converter system comprising:

an input stage comprising a first converter module and a second converter
module, each of the module comprising a single voltage-sensor based maximum
power point (MPP) tracking controller and a power circuit; and

an output stage comprising an active voltage quadrupler (VQ) circuit for
achieving balanced output voltages amongst each of the converter modules,
wherein the VQ circuit comprises switches which are gated asymmetrically,
whereby direction of power flow is controllable and the power can be shared with
either the first converter module and the second converter module regardless of the

recipient module’s operating state.



CA 03221742 2023-11-27

WO 2022/246540 PCT/CA2022/050755

[0013] Advantageously, the multi-port PV step-up power converter for MVdc
system is capable of independent single-sensor maximum power extraction and output
power balancing. The DC-DC converter utilizes a two-switch integrated boost and an
asymmetrical pulse with modulated (APWM) CLL resonant converter along with an
active voltage quadrupler (VQ), which allows the system to achieve a high step-up
gain without the need of a large and bulky transformer. The resonant inductor is
coupled with the active VQ to provide isolation between the input and the output, and
the output inductor of each stage is coupled together to allow for power flow between
the VQs, which in turn allows for the output voltage of each stage to be regulated
without the need of additional components. Furthermore, the MPP tracker (MPPT)
performs with a single voltage sensor and operates independently of the power
balancer.

[0014] In addition, the single-stage modular step-up converter comprises an
integrated MPPT and does not require separate power balancing units to achieve
output voltage balancing among all the converter modules. Furthermore, the PV
MPPT control scheme in each module requires only one voltage sensing control loop,
as opposed to conventional MPPT technique that requires an additional current
sensing loop, in one example. The input filtering capacitance is significantly reduced
by at least 20%, and as a result, small size long lifespan film capacitors can be used
in the converter. The single-stage modular step-up converter is also capable of loss-
less switching for over 90% of the operating range, with > 96% efficiency. The multi-
port PV step-up power converter may be implemented in PV farms (with medium
voltage grid structure) and solar powered EV charging stations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1 shows one prior art configuration with separate MPPT and power
balancing units and input capacitor banks;

[0016] Figure 2 shows another prior art configuration with separate MPPT and
power balancing units and input capacitor banks;

[0017] Figure 3 shows a multi-port PV step-up power converter for a MVdc

system, in one implementation;
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Figure 4 shows a modular system comprising an asymmetrical PWM

resonant converter with an integrated boost stage for a PV application;

[0019]
[0020]
[0021]
[0022]
[0023]
operation;
[0024]
[0025]

Figure 5 shows a power balancing technique;

Figure 6 shows a total voltage gain of a single module;

Figure 7 shows operation location for the four possible P&O scenarios;
Figure 8 shows a flowchart of the controller;

Figure 9 shows four possible tracking scenarios during converter

Figure 10a shows operating power;

Figure 10b shows peak resonant inductor voltage as a function of the

converter’s operating duty cycle with a 200W panel at the input;

[0026]
[0027]
[0028]
[0029]
[0030]
[0031]
[0032]

Figure 11a shows operating power of module 1;

Figure 11b is a zoom-in of operating power;

Figure 11c¢ shows operating power of module 2;

Figure 12a shows an output voltage of module 1 and module 2;
Figure 12b shows a duty cycle of the VQ switch;

Figure 13 shows a switch current of the first module;

Figure 14 shows a modular PV converter system with inter-connecting

soft-switched active voltage quadruplers (AVQ) as a power balance unit PBU;

[0033] Figure 15 shows operating waveforms with two AVQ modules;
[0034] Figure 16a shows the operating power of module 1;

[0035] Figure 16b shows the operating power of module 2;

[0036] Figure 17 shows the operating power of the two modules;
[0037] Figure 18a shows an active voltage quadrupler switch current;
[0038] Figure 18b shows an active voltage quadrupler switch voltage;
[0039] Figure 19 shows a modular PV step-up converter with a circular
configuration;

[0040] Figure 20 shows an example of a module for the circular configuration;
[0041] Figure 21a shows the operating power of a module;

[0042] Figure 21b shows the output voltage of a module;

[0043] Figure 22a shows an active voltage quadrupler switch current;

6
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[0044] Figure 22b shows an active voltage quadrupler switch voltage;

[0045] Figure 23a shows a scaled down active voltage quadrupler switch

current,

[0046] Figure 23b shows an active voltage quadrupler switch voltage;

[0047] Figure 24a shows a topology of a front-end DC/AC stage, in another
embodiment;

[0048] Figure 24b shows a topology of a front-end DC/AC stage, in another
embodiment;

[0049] Figure 25 shows a converter configuration with interleaved front-end
high frequency DC/AC inversion, in another embodiment; and

[0050] Figure 26 shows an AVQ topology comprising dual switches.
DETAILED DESCRIPTION

[0051] The following detailed description refers to the accompanying drawings.
Wherever possible, the same reference numbers are used in the drawings and the
following description to refer to the same or similar elements. While embodiments of
the disclosure may be described, modifications, adaptations, and other
implementations are possible. For example, substitutions, additions, or modifications
may be made to the elements illustrated in the drawings, and the methods described
herein may be modified by substituting, reordering, or adding stages to the disclosed
methods. Accordingly, the following detailed description does not limit the disclosure.
Instead, the proper scope of the disclosure is defined by the appended claims.

[0052] Referring to Figure 3, there is shown a multi-port PV step-up power
converter 10 for a MVdc system capable of independent single-sensor maximum
power extraction and output power balancing. The DC-DC converter utilizes a two-
switch integrated boost stage and an asymmetrical pulse with modulated (APWM)
CLL resonant converter along with an active voltage quadrupler (VQ) 12. This allows
the system 10 achieves a high step-up gain without the need of a large and bulky
transformer. A resonant inductor is coupled with the active VQ 12 to provide isolation
between the input and the output. Each stage is coupled to PV array 14, and the output
inductor of each stage is coupled together to allow for power flow between the VQ’s,

which in turn allows for the output voltage of each stage to be regulated without the
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need of additional components. In addition, MPP tracker 18 performs with a single
voltage sensor and operates independently of the power balancer.

[0053] Now looking at Figure 4, there is shown a photovoltaic energy based
muti-port MVdc system 20 in one implementation. Each module 22a-n comprises
input PV array 24 is connected to an integrated boost and APWM resonant converter
26. The duty cycle of both switches S1 28 and > 30 are controlled to achieve MPPT
operation, for example, by MPP tracker 18. A CLL resonant converter is utilized and
the resonant inductor () is coupled with an active VQ to allow for isolation and to
further increase the overall gain.

[0054] One feature of modular system 20 is equally distributed voltage across the
module 22 outputs. As the outputs are connected in series at the output, they share the
same output current. If one module 22a operates at a higher or lower power than
another module 22b, their output voltage will be mismatched. As a result, to equally
distribute the output voltage when the outputs are connected in series, an alternate
power flow path is employed. As seen in Figure 5, by coupling the output inductor of
the converters modules an alternate path is created and by controlling the VQ switch
the power flow can be set such that the voltage across each output module is constant.
The green (top) arrow represents the power flow from the top module 22a to voltage
quadrupler 32 while the orange (bottom) arrow represents the power flow from the
bottom module 22b to voltage quadrupler 32. The coupling of the output inductor
implies the voltage across one modules inductor is a function of the current flowing
through the other inductor (1), (2) where L, is the output inductance, irs12 is the
secondary side resonant current of the top module 22a, and irs22 is the secondary side
resonant current of the bottom module 22b. For simplicity it is assumed the turns ratio

between the coupled inductoris 1:1.

d’TES d’TES

[0055] vy = Lo —22 4 [, —Le22 (1)
dires dires

[0056] oy = Lo~ 4 L, —LE2 @)

[0057] In a typical VQ the voltage across the front two capacitors are V./4. In one
exemplary implementation, one of the capacitors is replaced with a switch which
means this relation no longer holds true. Instead, the duty cycle of this switch impacts

the voltage across the front capacitor. The larger the duty cycle, the larger the voltage
8
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across the front capacitor. As a node of this capacitance is connected to the coupled
inductor, it can be understood controlling the capacitor voltage will impact the current

on each side of the inductor and in turn affect the power flow (3).

[00S8] Vo2 = Veo1 — Vimz 3)
[0059] M, = — )
j<1+wr2Q2—wLT2—(1+k)(Q)2> +< Q—(1+K)Q? )2
1+0r2Q? wr(1+0r2Q2?)
[0060] @ =2 )
[0061] k =—2 (©)
2 %Lm
n
w
[0062] w, =< 7)
Wo

JZ(l—cos(Zﬂ:(l—D)))
tror2@2—— (@2 2
T w2 +< Q-(1+k)Q2 )
1+wr2Q? or(1+wr?Q?)

[0064] The overall gain of a single sub-module 22a can be obtained by combining

[0063] M = (8)

the gain of each individual stage. The output voltage of the boost stage forms the input
square voltage of the second stage. (3) provides the gain of the CLL resonant stage
where QO is the quality factor (5), & is the ratio between the resonant inductance and
the output inductance (6), N is the turns ratio of the isolating coupled inductor, and w,
is the ratio between the angular resonant frequency and the operating frequency (7).
The gain of the boost stage is the same as a regular boost converter. The total gain of
a single module 22n is provided in (8) and a plot this gain as a function of duty cycle
and operating frequency is shown in Figure 6.

[0065] Generally, PV panels directly connected to loads are unable to reach their
maximum operating point due to impedance mismatch. When a power converter is
interfaced between the panel and the load, a controller can vary an operating parameter
of the converter such that the maximal amount of PV energy is extracted. Typically,
when perturb and observe (P&O) based MPPT controllers are employed, a voltage
and current sensor measure the panel’s operating voltage and current to determine the

panel’s power. Based on the power change from the previous state, the controller

9
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pushes the operating conditions towards the maximum power point. There are four
possible scenarios which are determined by the change in power and the previous
perturbation direction. These scenarios are shown in Figure 7 and summarized in
Table 1.

[0066] Table 1. Four possible P&O scenarios

Perturbation Change in Scenario Next
Power Perturbation
Positive Positive Positive
Positive Negative B Negative
Negative Positive Negative
Negative Negative (D) Positive

[0067] Although the exact operating power is calculated, this value is not
required by the controller. From Table I it can be understood that the controller only
checks if the difference between Pr and Pr.1 is positive or negative. Instead of
calculating the operating power, a surrogate signal can be used to indirectly track the
maximum power point. The only requirement is that the chosen signal follows the
PV MPP characteristics regardless of the operating condition.

[0068] Voltage sensing can easily be performed with a voltage divider, which
results in minimal cost and losses compared with other sensors such as current,
temperature, or light intensity, which makes it a good choice for single sensor
implementations [13]. However, it may not be possible to perform MPP tracking only
by measuring the panel’s output voltage unless the algorithm is designed for a specific
power converter such as in [12-13]. As a result, to perform MPP tracking with only a
voltage sensor, an alternate voltage parameter must be measured. In some converters,
such as the discussed APWM CLL resonant converter, there are voltage parameters
that meet this criteria. The peak voltage across the converters switches is given in (9)
and can be seen to be a function of the input voltage and the duty cycle. As this voltage
is on the x-axis of the V-P curve in Figure 7 it is not a candidate. The resonant

capacitor voltage is provided in (10) and is simplified in (11). It can be seen that this

10
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voltage is a sinusoidal waveform whose peak is a function of the input power and
shifted up by a constant. Therefore, this voltage waveform follows the input panel

power characteristics.

[0069] vy =V =L 9)

S2max 1-D

n2
pxRxn—

Vas2Ver(o)t ily

n2

bres() . PXRX_2XLeq
cos(wyt) — w—sm(wot) S a— 10)
0 o

[0070] Ver = Vggp +

woZ

sz—i 4w0Z><Z—i><Leq
[0071] Ver = P\ 1wz . cos(wot) + a (11)
[0072] Uy = Vds2 — Ver (12)
[0073] Uiy = —Ver (13)

[0074] At the same time, the voltage across the resonant inductor is related to the
resonant capacitor and switch voltage. This relation is provided in (12) and (13) when
the switch is off and on respectively. Based on this, the voltage across the resonant
inductor can also be utilized as an alternative signal to track the MPP. By maximizing
this voltage, the input panel power will be indirectly maximized.

[0075] The single-sensor MPPT algorithm utilizes P&O based tracking. Instead
of using a fixed step-size, it may be more efficient to implement an adaptive step-size
algorithm as this provides faster tracking speed and lower oscillations near the MPP.
Gradient based methods can be employed for adaptive step-size as they utilize the
change in the measured parameter and the operating state. One benefit of this
implementation for single-sensor tracking is that it does not require additional sensors
or calculations. Such an implementation may help to increase the tracking speed
during periods when the operating conditions change, which leads to a more stable
system and higher overall extraction efficiency.

[0076] Figure 8 shows flowchart 100 outlining the steps for an algorithm for the
MPPT algorithm. Generally, the algorithm operates in two states, State [ and State II.
State I is the tracking state and occurs when the system is not operating near MPP.
Each iteration (k), the controller senses the peak operating voltage of the desired
component and along with the previous operating state determines the rate of change.

When operating away from the MPP, the rate of change is large. The controller utilizes

11
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this large value to tune the step-size as shown in (14) to allow for faster tracking. As
the operating parameter is perturbed, the rate of change decreases, and in turn the step-
size decreases. If the rate of change is much smaller than the measured peak as
indicated in (15), the controller transitions to the second state which is oscillation
minimization. During State II the step-size is significantly reduced to allow for
minimal oscillation around the MPP. If there is a change in the light intensity the
calculated rate of change would be large according to (16), which alerts the controller

to transition back to State I.

C o om0 —vmeD)
0077] y =y — mEmE S, (14)
vm(k)—vm(k—1)
[0078] m < B Xy, (k) (15)
vm(k)—vm(k—1)
[0079] m =Y Xy, (k) (16)

[0080] The algorithm is stable as it converges at the maximum power point.
Figure 9 shows four scenarios these waveforms where green area bounded by din and
dmax represent operating condition where soft-switching is maintained. Figure 9a
shows the ideal situation, in which the system arrives at the MPP without an overshoot
occurring. Figure 9b shows the second scenario which is when the system overshot
the MPP and arrived at a location where the calculated rate of change is close to zero.
However, the system does not transition into State II as the change in the perturbed
variable is high. This alerts the controller that the MPP was overshot and that the
operating side has changed. The third scenario is shown in Figure 9¢ which is when
the perturbation parameter approaches zero. As with the previous scenario, the
measured rate of change would be close to zero, however the change in the perturbed
variable would also be zero. For the algorithm, this scenario may be avoided by having
the controller operate with a minimum %, such that the rate of change will only be
close to zero when operating very close to the MPP.

[0081] To verify the performance of the system 20, simulation results were
obtained on a 4kW, 8kV PV energy system consisting of two modules, the discussed
single sensor MPP tracker and the voltage balancing controller. Each module
consisted of nine 220W PV panels in series to allow for an operating power of up to

2kW.
12
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[0082] Table II shows the design specifications of the system.

TABLE II

System design specifications & Converter parameters

CONVERTER DESIGN SPECIFICATIONS

Operating 230kHz
Frequency (fs)

Duty Cycle 30% to 80%
Range

PV Array 4kW
Power

PV Array 400V
Voltage

CONVERTER CIRCUIT
PARAMETERS

Input 10pF
Capacitor (Cin)

DC-Link 10pF
Capacitor (C1)

Resonant 100nF
Capacitor (Cr)

Input 22uH
Inductor (Lin)

Magnetizing 200uH
Inductance(Lm)

Tums Ratio 1:2
(m1: m2)

Output 40 uH
Inductor (Lo)

Output SuF
Capacitor (Co1-Co3)

[0083] First, in order to confirm the chosen voltage could be used as a replacement
for the input power, the operating duty cycle of the top module was varied from 40%
to 70% at different light intensity conditions. Figures 10a and 10b shows plots of both
the input power (a) and the chosen voltage (b) at light intensities 600W/m2, 700W/m2,
800W/m2, and 900W/m2 respectively. Here it can be seen that the peak voltage and
the peak power occur at the same duty cycle regardless of the light intensity. This
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confirms that maximizing the peak inductor voltage will indirectly maximize the input
panel power.

[0084] In order to test the designed single-sensor MPP controller and the power
balancing technique, the top module’s PV array light intensity was varied between
600W/m2 and 900W/m2 while the resonant inductor voltage was sent to the MPP
controller. The light intensity was varied every 0.05s. The output voltage of each
module was sent to a separate power balancing controller that would vary the VQ’s
switch to balance the power flow.

[0085] Figures 11a, 11b, 12a, 12b and 13 contains the results of this simulation.
From Figure 11a it can be seen the single-sensor controller successfully brought the
operation power to the maximum at all operating conditions even through it did not
measure the input parameters of the panel. From the zoom-in provided in Figure 11b
the extraction efficiency was greater than 99% regardless of the light intensity.
[0086] This confirms that the oscillation mitigation portion of the designed
controller was successful in improving the extraction efficiency. Figure 11¢ shows the
operating power of the second module which was kept constant throughout operation.
When the light intensity of the first module changed there was a dip in the operating
power of the second module. This makes sense as the output resistance seen by the
second module changed due to the increase in the first modules power level.
Regardless, the algorithm was able to bring the operating power back to the maximum.
The output voltage of each module is shown in Figure 12a which is at 4kV at steady
state operation.

[0087] When the light intensity of the first module change the voltages became
unbalanced, however the controller was able to rebalance the voltage. Figure 12b
shows that when the operating power of the first module is much greater than the
second module the duty cycle of the first aux switch is larger than the second switch
to allow for power to flow to the second module. Figure 13 contains the first modules
switch current waveforms which are shown to operate under turn-on soft switching
condition.

[0088] In another implementation, modular DC/DC converter system 40

comprises modules 22a-n, in which each front-end of each module 22a-n comprises
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an isolated resonant converter, and the output inductor of each module 22a-n is
coupled together to allow for interconnected power flow, as shown in Figure 14. This
power flow is regulated with an active voltage quadrupler (AVQ) 32 comprising an
active switch Sp; 41 and a resonant capacitor C,;; 42. Similar to the configuration of
Figure 4, the gain of a single module 22a-n comprises the boost, CLL resonant, and
VQ stages. The configuration shown in Figure 14 allows for a wider range of soft-
switching operation as well as control over the peak switch voltage. The resonant
capacitor C,7; 42 allows for the switch Sp; 41 voltage to reach zero before the turn on
gate signal is applied to the switch Sp; 41 while also allowing the peak switch voltage
to be a function of the duty cycle. By moving the switch Sp; 41 to the lower left of the
AVQ 32, the resonant current flowing through the switch Sp; 41 will be negative for
an increased period of time for one switching cycle, allowing for a lower peak switch
current and a wider soft switching operating range.

[0089] The summation of the voltage across the two output capacitors Cos2 44,
(13 46 of the voltage quadrupler 32 are equal to the total module output voltage (17).
However, the voltage across these two capacitors Coz2 44, Cy13 46 are not equal and
are a function of the active switch’s duty cycle. The voltages across the two capacitors
Co1244, Cpy3 46 are provided in (18) and (19), respectively. The voltage across the
input capacitor Co;; 48 of the voltage quadrupler 32 is equal to the voltage across
capacitor Cy;; 48 (19) and from this the peak voltage across the active switch Sp; 41
can be determined as given in (20). The operating waveforms of two modules 22a,
22b with the active voltage quadrupler 32 are shown in Figure 15. When the gate
signal is removed from the switch Sp; 41, the resonant current charges the resonant
capacitor C,;;42, and increases the switch Sp; 41 voltage to its maximum. During this
time (fo—#1) the resonant current is decreasing and once it crosses zero, the diodes D,
49 and D;14 50 change polarity, resulting in the discharge of the resonant capacitor
Cr11 42 (ti-12). Once fully discharged, the resonant current is split between the
capacitor Co11 48 and vs,’s anti-parallel diode. As the gate signal is applied before this

current is positive, soft-switching operation is achieved (¢2-14).

[0090] vmol = vcolZ + vcol3 (17)
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[0091] Veor1 = Veo13 = % (18)

[0092] '

[0093]  Veor2 = n(‘l)%c%z’k) (19)
_ vodk

[0094]  Vsgn max = m (20)

[0095] In order to confirm the accuracy of the system, a two-module system with
arated power of 4kW and 10kV output operating at a frequency of 230kHz was tested
in PSIM.

[0096] Table III lists the parameters of the utilized modules.

TABLE III - DESIGNED SYSTEM PARAMETERS

Simulation Scaled-down proof-of-concept
hardware prototype

Rated Power Per Module 2kW 200W
Input Inductance 40uH 43uH
Resonant Inductance 400uH 400uH
Output Inductance 200uH 43uH
Boost Capacitance 10pF 10pF
VQ Capacitance 25uF 25uF

Operating Frequency 230kHz 230kHz

[0097] From Figures 16a and 16b it can be seen that the system 40 is able to
achieve maximum power extraction at different power levels with this circuit
configuration for both module 1 22a (Figure 16a) and module 2 22b (Figure 16b). It
can be seen at 0.2s that the operating power level of module 2 22b drops sharply,
howeyver this also had an impact on the power extraction ability of module 1 22a. This
is due to the operation of the voltage balancer as shown in Figure 17. When the power
level changes, the voltage balancer changes the operating condition of both active
voltage quadruplers 32 to maintain a balanced output voltage across each module 22a,
22b. This in tum changed the required duty cycle for the system to extract the

maximum power. It can be seen that the system does return to the maximum power
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level within 0.3s which confirms that both the maximum power extraction algorithm
and the voltage balancer algorithm are able to function independently.

[0098] The switch voltage and current of the active voltage quadrupler 32 are
provided in Figure 18a and Figure 18b respectively. The switch Sp; 41 in each module
22a, 22b is gated such that they transition to their off state at the same time. The
additional resonant capacitor C,;; 42 acts to delay the voltage rise across the switch
So: 41 which improves the turn off operation of the switch Sp; 41. It can also be seen
that the switch Sp; 41 voltage reaches zero while the resonant current is negative,
which implies at the turn on condition the switch current is negative and flows through
its antiparallel diode. This confirms the active voltage quadrupler 32 can achieve zero
voltage switching (ZVS) operation.

[0099] The methods described with reference to Figures 4 and 14 use a linear
configuration where all modules 22a-n are coupled to one another with the exception
of modules M; and M. As modules M2 to Mn.1 consist of two coupled inductors, to
achieve the same voltage level at the input to their active voltage quadrupler 32 their
inductance would need to be four times smaller than modules M; and Mn. This
implies that the design of each module 22a-n is different which increases the difficulty
of adding additional modules to an already built system.

[00100] In order to simplify the module design and to easily allow for module
expansion, an exemplary circular configuration 51 (i.e. a ring structure with the
modular system) is shown in Figure 19. This particular configuration allows for
module M; 22 to be coupled to module My 22. As aresult, each module 22 is coupled
to two modules 22, improving the voltage balancing capabilities and module
expansion capabilities.

[00101] An example of a single module 22 is shown in Figure 20, in which two
output inductors L,1 60 and L. 62 are coupled to two other modules. As all modules
22 are identical, an additional module 22 can be added between any two existing
modules 22 without needing different component or component parameters. Further,
the gating technique of the AVQ switch Sp 32 has been modified to improve over the
linear configuration. By gating the switches Sp 32 such they turn on at the same time,

both the time at which the switch Sp 32 voltage rises and falls can be controlled with
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the duty cycle. This allows for more control over the input voltage waveform seen by
the AVQ and as a result expands the operating range at which the output voltage can
be balanced.

[00102] In order to confirm the operation of the circular configuration 51, a three-
module system was tested in PSIM with both a rated and scaled-down version. The
operating power level of each module 22 is shown in Figure 21a, and the respective
output voltage is shown in Figure 21b. It can be seen that all modules 22 were
operating at their respective maximum power level as their input power overlapped
their theoretical maximum. The voltage balancer algorithm was delayed until 50ms to
show that under normal operation the voltage across each module is unbalanced. At
50ms the voltage balancer algorithm is activated and it can be seen that the voltage
across each module 22 became balanced within 40ms and reached steady state after
60ms. Figure 22 shows contains the AVQ switch Sg 32 voltage and current of each
module. Due to the utilized gating technique, each switch turns on at the same instant.
This implies the switches Sp 32 turn off at different conditions and as a result the
voltage across each switch Sp 32 rises at a different time which can be seen in Figure
22. This can also be seen in the scaled down version’s waveforms shown in Figure
23.

[00103] As described above, the DC/DC isolated topology essentially comprises a
high frequency DC/AC inversion and a high frequency AC/DC conversion via a high
frequency transformer. The previous configurations, described above, comprise
modifications of the active voltage quadrupler 32 which forms the output high
frequency AC/DC conversion, in which the DC/AC inversion was the same for each
configuration, however this stage may be modified to suit the required application,
such as higher rated power or higher PV module output voltage. Two such examples
are provided in Figures 24a and 24b, respectively. Figure 24a comprises a topology
60 which utilizes two high frequency DC/AC modules 22a, 22b that are individually
coupled to the same active voltage quadrupler 32. This topology 60 reduces the
number of AVQ modules 22 needed to provide power to the output, minimizing the
number of components and cost of the system. This also allows for the DC/AC portion

to be composed of lower rated components which further decreases the cost of the
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system. An alternative topology 70 is shown in Figure 24b which utilizes a single
DC/AC system but includes an additional resonant stage consisting on a resonant
capacitor C;; 72 and an additional winding 74 added to the coupled inductor. This
allows the system to operate at a higher switching frequency while still maintaining
the same operating conditions found previously.

[00104]  As shown in Figure 25, the front-end topology may also be modified to
use an interleaved approach. This topology 80 comprises two high frequency DC/AC
modules 22a, 22b with their outputs coupled to a voltage quadrupler 32, however their
inputs are connected in parallel and to the same PV array. The switching signals of
the two high frequency DC/AC modules 22a, 22b are phase shifted by 180, which
allows the input current ripple to be minimized. Further, as the PV current is split
between the two modules 22a, 22b the rated current of the switches decreases and
lower rated components can be used.

[00105] While the topologies discussed above use an active voltage quadrupler
with a switch replacing either the top or bottom capacitor from the front, the capacitor
Co; and capacitor C,» may be replaced with switches Sp; 41 and Sg> 83 respectively,
as shown in topology 82 in Figure 26. By gating the switches Sp; 41, Sp> 83
asymmetrically, the direction of power flow can be controlled such that the power can
be shared with either the top or bottom module regardless of the recipient modules
operating state.

[00106] The descriptions of the various embodiments of the present disclosure
have been presented for purposes of illustration, but are not intended to be exhaustive
or limited to the embodiments disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing from the scope and
spirit of the described embodiments. The terminology used herein was chosen to best
explain the principles of the embodiments, the practical application or technical
improvement over technologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments disclosed herein.

[00107] Embodiments are described above with reference to block diagrams and/or
operational illustrations of methods, systems, and computer program products. The

operations/acts noted in the blocks may be skipped or occur out of the order as shown
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in any flow diagram. For example, two or more blocks shown in succession may be

executed substantially concurrently or the blocks may sometimes be executed in the

reverse order, depending upon the functionality/acts involved. While the specification

includes examples, the disclosure's scope is indicated by the following claims.

Furthermore, while the specification has been described in language specific to

structural features and/or methodological acts, the claims are not limited to the

features or acts described above. Rather, the specific features and acts described above

are disclosed as exemplary embodiments.

[00108]
[1]
2]

3]
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CLAIMS:

1. A modular single-stage photovoltaic step-up converter system with
integrated power balancing, the converter system comprising:

an input stage comprising at least one converter module, the at least one
converter module comprising a single voltage-sensor based maximum power point
(MPP) tracking controller and a power circuit, wherein the power circuit in each at
least one converter module comprises an integrated boost and a CLL resonant
converter which allows for both MPP tracking and soft-switching operation;

an output stage comprising an active voltage quadrupler (VQ) circuit for
achieving balanced output voltages amongst each of the at least one converter
modules, and wherein the least one converter modules are coupled together by an
output inductor, along with duty ratio control of the active VQ circuit, and whereby
natural output voltage balancing is achieved without using additional power circuit

components.

2. The system of claim 1, wherein a resonant inductor is coupled with the active

VQ to provide isolation between the input stage and the output stage.

3. The system of claim 2, wherein the maximum power point (MPP) tracking
and the soft-switching operation is performed with a single voltage sensor, and

operates independently of the active VQ circuit.

4, The system of claim 3, wherein the soft-switching operation is capable of

loss-less switching for over 90 percent of an operating range of the system.

5. The system of claim 4, wherein the soft-switching operation has an

efficiency greater or equal to 96 percent.

6. The system of claim 5, wherein an overall gain of each at least one

converter module is obtained by combining a gain of each individual stage.
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7. The system of claim 6, wherein a total gain (M) of each at least one

converter module i1s:

JZ(l—cos(Zﬂ:(l—D)))
22— 1)@\ 2
T T2 +< Q-(1+k)Q? )

1+wr2Q? or(1+0r2Q?)

where Q is a quality factor (5), k£ is aratio between a resonant inductance and an output

M =

inductance, and w; is a ratio between an angular resonant frequency and an operating

frequency.

8. The system of claim 7, wherein the single voltage sensor senses a voltage
across the resonant inductor, and a sensed voltage signal is employed to track the

MPP.

9. The system of claim 8, wherein the singular sensor signal is input into a
single-sensor MPPT algorithm which uses peturb and observe (P&O) based

tracking.

10. The system of claim 9, wherein the P&O based tracking implements
adaptive step-sizing methods, thereby providing substantially faster tracking speed

and lower oscillations near the MPP.

11. The system of claim 10, wherein adaptive step-sizing methods increase the
tracking speed during periods when the operating conditions change, thereby

leading to a more stable system and a higher overall extraction efficiency.
12. The system of claim 11, wherein the single-sensor MPPT algorithm

comprises a first tracking state for when the system is not operating near MPP, and

a second tracking state for when the system is operating near MPP.
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13. The system of claim 11, whereby in each iteration (k), the MPP tracking
controller senses a peak operating voltage of a desired component and along with

the previous operating state to determine a rate of change.

14. The system of claim 13, wherein when operating away from the MPP, the
rate of change is large the controller adjusts the step-size to allow for faster
tracking. As the operating parameter is perturbed, the rate of change decreases, and

in turn the step-size decreases.

15. The system of claim 14, wherein when the rate of change is substantially
smaller than a measured peak, the controller transitions to the second tracking state
wherein the step-size is substantially reduced to allow for minimal oscillation

around the MPP.

16. A modular single-stage photovoltaic step-up converter system with
integrated power balancing, the converter system comprising:

an input stage comprising at least one converter module, the at least one
converter module comprising a single voltage-sensor based maximum power point
(MPP) tracking controller and a power circuit; and

an output stage comprising an active voltage quadrupler (VQ) circuit for
achieving balanced output voltages amongst each of the at least one converter
modules, and wherein the least one converter modules are coupled together in a

circular configuration.

17.  The system of claim 16, wherein each at least one converter module is
coupled to least one converter module, thereby improving voltage balancing

capabilities and module expansion capabilities.

18.  The system of claim 16, wherein the power circuit in each at least one
converter module comprises an integrated boost and a CLL resonant converter

which allows for both MPP tracking and soft-switching operation.
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19. A modular single-stage photovoltaic step-up converter system with
integrated power balancing, the converter system comprising:

an input stage comprising a first converter module and a second converter
module, each of the converter modules comprising a single voltage-sensor based
maximum power point (MPP) tracking controller and a power circuit; and

an output stage comprising an active voltage quadrupler (VQ) circuit

coupled to the first converter module and the second converter module.

20.  The system of claim 19, wherein the power circuit in each at least one
converter module comprises an integrated boost and a CLL resonant converter

which allows for both MPP tracking and soft-switching operation.

21. A modular single-stage photovoltaic step-up converter system for a photo-
voltaic (PV) array, the converter system comprising:

an input stage comprising a first converter module and a second converter
module, each of the converter modules comprising a single voltage-sensor based
maximum power point (MPP) tracking controller and a power circuit;

an output stage comprising an active voltage quadrupler (VQ) circuit
coupled to the first converter module and the second converter module; and

wherein inputs to the first converter module and the second converter

module are connected in parallel, and connected to the PV array.
22. The system of claim 21, wherein switching signals of the first converter
module and the second converter module are phase shifted by 180 degrees, thereby

minimizing input current ripple.

23.  The system of claim 21, wherein the PV current is split between the first

converter module and the second converter module.
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24.  The system of claim 21, wherein the power circuit in each at least one
converter module comprises an integrated boost and a CLL resonant converter

which allows for both MPP tracking and soft-switching operation.

25. A modular single-stage photovoltaic step-up converter system with
integrated power balancing, the converter system comprising:

an input stage comprising a first converter module and a second converter
module, each of the module comprising a single voltage-sensor based maximum
power point (MPP) tracking controller and a power circuit; and

an output stage comprising an active voltage quadrupler (VQ) circuit for
achieving balanced output voltages amongst each of the converter modules,
wherein the VQ circuit comprises switches which are gated asymmetrically,
whereby direction of power flow is controllable and the power can be shared with
either the first converter module and the second converter module regardless of the

recipient module’s operating state.

26.  The system of claim 25, wherein the power circuit in each at least one
converter module comprises an integrated boost and a CLL resonant converter

which allows for both MPP tracking and soft-switching operation.
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