US011396241B2

a2 United States Patent (10) Patent No.: ~ US 11,396,241 B2
Liu 45) Date of Patent: Jul. 26, 2022
(34 POWFR CONVERTERCONTRV I I () Figld of Classification Search
CAPACITOR CIRCUITS AND METHODS CPC .. B60L 53/60; B60OL 2210/10; B60L 2210/30;
HO02J 7/02; HO2M 3/35; HO2M 1/143
(71) Applicant: Queen’s University at Kingston, (Continued)

Kingston (CA)

U.S. PATENT DOCUMENTS

(73) Assignee: Queen’s University at Kingston,
Kingston (CA) 5471,378 A * 11/1995 King ..ocoivinnens HO2M 3/33546

w0 1" o L . 10684644 * 901997 _Kreip.ef al w e

[
- p— -_— s

rat_a N e m——E TTU D LI ATIOZ Y
-—Lih -

(22) PCT Filed: Jan. 15, 2019 International Search Report and Written Opinion for corresponding
International Application No. PCT/CA2019/050049 dated Mar. 28,
(86) PCT No.: PCT/CA2019/050049 2019.
(Continued)

§ 371 (©)(D),



U 3 1 B2

(51) Int. CL
HO2M 3/335 (2006.01)
HO2M 1/42 (2007.01)
HO2M 1/14 (2006.01)
(52) US.CL
CPC ......... HO2M 1/4208 (2013.01); HO2M 3/335

(2013.01); B6OL 2210/10 (2013.01); B6OL
2210/30 (2013.01)
(58)__Field of Classification Search

USPC ittt 320/109
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,960,898 A 10/1999 Okada et al.
%19.510 B2* 82016 Liu .. HOOM 1/143

2017/0288553 Al* 10/2017 Fahlenkamp et al. ..o
HO02M 3/33523

OTHER PUBLICATIONS

{1 e et

]

in Generator-Sets for SHEV's”, World Electric Vehicle Journal, vol.
3, pp. 477 to 481, International Battery, Hybrid and Fuel Cel
Electric Vehicle Symposium (EVS24), Stavanger, Norway. May
13-16, 2009.

* cited by examiner



U.S. Patent Jul. 26, 2022 Sheet 1 of 8 US 11,396,241 B2




U.S. Patent

Jul. 26, 2022

Sheet 2 of 8

US 11,396,241 B2

loug




U.S. Patent Jul. 26, 2022 Sheet 3 of 8 US 11,396,241 B2

vout vacl

\ ; Vaut vacl
1 sﬁm LY - 50084

».—‘u
. :
- d
- —— '
R —————a— —_———————
e -

- -
- - -
= T e ————————————

{5 r——
———— e
1 :
S

it T

—.-
—
F——

3

S ———————
—_=
R
@ O OO OO

e —————

%——

(
e e e ————————————————————————————— :




U.S. Patent Jul. 26, 2022 Sheet 4 of 8 US 11,396,241 B2

th str:l

500 ?
£1 i f o é’ kY ‘_{ V V et

3

e — R —
= ,
Tre— =

e -_—_ae
e
T ——




U.S. Patent Jul. 26, 2022 Sheet 5 of 8 US 11,396,241 B2

‘
- 3
s




U.S. Patent Jul. 26, 2022 Sheet 6 of 8 US 11,396,241 B2

sl i
X
— —
3
L
£




U.S. Patent

Jul. 26, 2022

Sheet 7 of 8

US 11,396,241 B2







US 11,396,241 B2

1
POWER CONVERTER CONTROLLED

Bl " —

2

Thus for the same volume, the value of a film capacitor is
Ss Vet t

This application is a 371 of International Application No.
PCT/CA2019/050049 filed on Jan. 15, 2019, and claims the
benefit of the filing date of Application No. 62/617,399 filed
on Jan. 15, 2018, the contents of which are incorporated
herein by reference in their entirety.

FIELD

This invention relates to AC-DC supplies. More specifi-
cally, this 1nvent10n relates to circuit and methods for

pod e e g e i " !‘[ ol W
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10

words, if film capacitors are used to improve the reliability
of the battery charger, they require 11 times the volume (or
space) of the power supply, which is too large to be practicle.

SUMMARY

According to one aspect of the invention there is provided
a series circuit, comprising: a capacitor having a first ter-
minal A and a second terminal; and a power converter
having a first output terminal connected to the second
terminal of the capacitor and a second output terminal B;
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5 6
power converter 42 (Vaux) and the output voltage Vout 106V peak to peak). Waveform 2 is the output voltage of the
delivered to the load is a pure DC voltage or a substantially power converter, Vaux. Its DC voltage value is zero and its

pure DC voltage. It is noted that the current through the AC voltage amplitude is same as the ripple voltage of Vacl

T i N T b T e— B -

current of the power converter 42, I_in_aux, is an AC tude is 10 A peak.
current. It is observed that the low frequency AC Value of the

current is intended to refer to a DC Voltage or DC current series connection of capacitor (Cout) and the power con-

Ceen . -
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The resonant frequency of this equivalent inductor and the It is noted that if the power converter 42 is controlled by
f‘"‘a?ipii ! ]i' ma tlf"ﬂ”}ﬂnmf‘ an fnllavine: — navatica 3) tha et of e ovien nwtador il hahpaw
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— -

as an inductor with its impedance equal to the impedance of

the cavacitor Cout. Therefore. imnedance hetween voint A

s = ! = 100 Hz ™ 5 and point B is equivalent to an infinitely large capacitor.

] P N - L T I T T | P L T Ca L

as following:

This is the same as the frequency through the capacitor,

— s’(_ :
1t Thic vagianle tha fandamantal nrincinal af tha DOCE ac Vaux=0V+2*(-Vacl_rip) 2.1)

b

following: Then the output of the power converter will behave as an

mﬁﬂ — T e ;_pf:_

according to equation (2), ance of the capacitor, Cout. Therefore, the impedance
2 The power converter behaves as a virtual inductor with  between point A and point B will behave as an inductor with
value of Leq, 15 its impedance value equal to the impedance value of Cout.
3 The virtual inductor, Leq, resonates with the real Similarly, by changing the gain of the (~Vacl_rip), the
capacitor connected in series with it, Cout, at the same equivalent impedance between point A and point B can be

frequency of the current flowing through the real capacitor,
Cout.

The end result is that the output voltage, Vout, is a substan- 5,
tially pure DC Voltage as the ripple voltage across the real
capa01t0r Cout, is compensated by the equlvalent inductor,

changed from capacitive to inductive. When the gain is less
than 1, the impedance is capacitive and when the gain is
larger than 1, the impedance is inductive.

Power Converter Behaves as an Equivalent Capacitor

B In above analysis, the output of the power converter 42 is
I :!iIAM ,r,?}, E‘,} Jome e 5 am N ' L, _
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Power Converter Behaves as an Equivalent Impedance This can also be observed from waveform 1 that the voltage
vy —— ) [ N T -

the following equation: ripple of Vacl.
The average power the power converter takes is shown in

ey i a7

Then the negative value of the ripple voltage of Vacl is with an average value of approximately —240 W. This means
sensed. The delay angle is 45 degrees (negative 45 degrees). that the actual power flow in this case is from input of the
The simulation results are.shown in FIG. 9. Tt is noted from nower converter (Vin anx) to the ontrt of the nower
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capacitor. In this way, the output voltage of the linear In the above equation, Vaux_ref is the reference voltage of
regulator can follow the change of the ripple voltage. FIG. the power converter (e.g., a full bridge inverter in the

shows a general 01rcu1t dlagram for this 1mp1ementat10n example that is dlscussed here) and the output voltage of the

IR, VRS Pt T LI Aa . . S & SUNSR L I L I

-

(Vanx) has same amplitude_as the valtace acenss Cont § Vaux, ref The parameter k is a valye less than 1 {ane) bit

T\ p— T i

the linear regulator can be both positive and negative. ripple will be removed by the power converter and 20% of
Implementation Examples of Power Converter Controlled the ripple will still be present between terminal A and
Capacitor terminal B, as shown by the following equation:

The previous section describes circuit configurations (cir- 10
cuit topologies) and control strategies of the PCCC, accord- Vout=Facl+Vaux=Vacl_dc+Vacl rip-0.8

O
———
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methods. These examples are based on a common applica- is used to 1mprove long term reliability. In this case, the
T, R, P iy M Y —mmmt ' CPRA RS y - T e 1
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types of boost converters, such as a bridgeless totem-pole
boost converter, may also be used as the AC to DC converter
to achieve power factor correction. 5
It is also noted that an LL.C resonant converter may also
be used for the AC to DC converter
-

LT

example. The battery voltage is 400V and the charging
current is 5 A. The total charging power is 2,000 W
(=400VxS5 A). With a reasonable design, the low frequency
voltage ripple across the output capacitor Cout may be about
to achieve power factor +/=5V peak value. Therefore, the maximum output power of

: ak value. “herefore, the maximum
. ________________________________________________________________________________________________________
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6. The power supply of claim 5, wherein the AC-DC 13. The method of claim 12, further comprising sensing a
converter comprises a single stage power factor correction  voltage across the capacitor and using the sensed voltage to
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