64

Letters

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Constant Frequency CC-CV Operation of Isolated LLC Resonant DC-DC
Converter Using Switched Capacitor Network for WCS

Kirshan Kumar Gautam **, Amitabh Chatterjee, Subhendu Bikash Santra

Abstract—In this letter a new circuit structure based on LLC
resonant isolated dc-dc converter is proposed to achieve constant
current-constant voltage (CC-CV) characteristics for wireless
charging system (WCS). Complex reconfigurable network-based
LLC resonant dc-dc converter can provide CC-CV at a constant
switching frequency. This work is an alternative solution based on
fixed isolated LLC resonant dc-dc circuit where extra capacitor
switch arrangement is used to achieve CC-CV characteristics at a
constant switching frequency with seamless transition feature. All
inverter switches are soft switched throughout CC-CYV operation.
In addition, the kVA/KW optimization method is employed to re-
duce reactive component sizing for achieving high power density.
A 600 W prototype with an average kVA/kW ratio of 30 and a peak
efficiency of 96 % at a coupling coefficient of 0.2 has been designed
to validate the proposed WCS.

Index Terms—Constant voltage—constant current (CC-CV)
characteristics, wireless charging system (WCS).

I. INTRODUCTION

IRELESS power transfer (WPT) is an emerging technol-
W ogy that provides manifold advantages over traditional
charging methods in various fields such as electric vehicles
(EVs) charging, bio-medical implants, LED lighting systems,
etc. [1], [2]. Wireless charging system (WCS) is one of the
applications of WPT technology. Li-ion batteries for EV require
constant current (CC)—constant voltage (CV) charging [3] to
achieve longer battery lifespan. WCS has high leakage induc-
tance and requires large magnetizing current at power frequency.
Therefore, power electronics (PE) converters for WCS requires
CC-CV mode, compensation network, and lower magnetizing
current. In the last decade, isolated LLC resonant dc-dc converter
as shown in Fig. 1 is extensively studied for WCS system-more
specifically on CC-CV characteristics [4], [5].
Variable switching frequency operation (wider range) with
compensating network is essential for achieving CC-CV for
WCS [6], [7]. It leads to increased switching losses and VA
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Fig. 1. Isolated LLC resonant DC-DC converter structure for WCS.

ratings. Furthermore, these control approaches are complex and
frequency tuning may violate certain standard such as J2954
from the society of automotive engineers [8]. Modifications in
the fundamental isolated LLC resonant dc-dc converter circuit
are tried using additional dc-dc converter [9], [10], modification
in pulse width modulation (PWM) strategy [11], and three-coil
structure [12], [13] to achieve CC—CV output at constant fre-
quency (CF). However, performance parameters such as effi-
ciency, operation complexity, and volume are discouraging. Re-
configurable topologies [14], [15], [16] offer another approach as
mentioned in Fig. 1 to achieve CC—CV output at CF. However, it
suffers from a high component count, including many switches,
capacitors, receiver coils, which increases complexity, cost, and
size of WCS. Another problem is high voltage spikes (larger
voltage stress) due to interrupting inductor current.

In this work a novel switched capacitor (SC)-based resonant
tank circuit is proposed on fixed isolated LLC resonant converter
to produce CC-CV output at CF. The proposed system is ex-
tremely simple, requiring only two switches and SC network
for achieving capacitance variation which changes resonant
frequency position. Transition between CC and CV charging
modes is smooth in proposed configuration, which eliminates
complex topological changes. It only requires two additional
SC networks in primary and secondary coils in WCS.

II. PROPOSED RECONFIGURABLE WCS FOR CC-CV OUTPUT

The proposed SC-based LLC resonant dc-dc converter which
provides CC-CV output at fixed frequency is shown in Fig. 2.
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Fig. 3. AC equivalent circuit of the proposed WCS. (a) CC charging mode.
(b) CV charging mode. (¢) ABCD parameters of converter. (d) Two port
representation of proposed WCS.

The circuit includes the leakage inductances (L; and Ls)
of both side coils. Compensation capacitors C; and Cs are
connected in series with their corresponding windings to
mitigate the effects of these leakage inductances and achieve
resonance at the desired operating frequency. The magnetiz-
ing inductance (Ljs) signifies the mutual coupling between
the transmitter and receiver coils. To ensure seamless transi-
tions between CC and CV modes, an SC network with two
ac switches (S, and S}) is incorporated. When S, and S} are
deactivated, capacitors C; and Cy make a specific frequency for
CC mode operation. Conversely, when S, and S, are activated,
then external compensation capacitors (C, and C,) are added
in parallel with C; and Cs. This makes changes in circuit’s
resonant frequency, which enables CV mode. This mode change
is preciously designed based on SC network values, which is
proved through ABCD parameter analysis and practical network
analyzer-based impedance data.

A. Analysis of CC—CV Operation Using ABCD Parameter

The ac equivalent circuit of the proposed WCS referred to the
transmitter side is shown in Fig. 3.

Using the first harmonic approximation method, transmitter
side reflected load resistance (R’ ), half-bridge inverter’s output
voltage (v,) and rms voltage of fundamental output (v,) are
defined as follows:

! 2 ’
1 e nm 7T
o 1,3,5

/ 2 0
Ro/:& :8TL R, UOZZ 2Vie sin(nwt), Vg = \/§Vdc }

(D
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where load resistance R, = V,/I,. The AC equivalent circuit
again can be represented in two port parameters [ABCD], as
shown in Fig. 3(c) and (d), which identifies the CC—CV operation
at different resonant frequencies.

o] =le ol %)

The voltages and currents at the input and output ports of a
two-port network represented by vy, i, and v',, 7', respectively.
The ABCD parameter of the proposed converter is given as
follows:

@)

Z14+Zy (Z1+22)(Z2+23)-23 /
=2 Z: EARNC)
where, Z; = jwL; + jﬁ, Zy = jwLpy,and Zs = jwLo +

1 . . _ . 1 _
e in CC, whereas in CV, Z; = jwlq + FI(CZE=emE: oy =

. _ . ! 1
jwLy,,and Zs = jwL, + o)
(3), ABCD parameters of the proposed WCS can be found out.
Condition for constant current (CC) and constant voltage (CV)

can be derived by (4) and (5), respectively, as follows:

o] =l o) [
ol =le ol %]

From (3) and (4) operating frequency can be derived for CC
output by putting condition Z; +Zo = Zs+7Z3 = 0.
1 B 1
(L1 + L) Cr 2m/(La + L) Cs
The ABCD parameters of WCS at f,; (cc) for CC output

given as follows:
va| |0 —Za| |0
iy N %2 0 _i; '

Again, comparing (3) and (5) operating frequency can be
derived for CV output, by putting condition Z; = Zs = 0.

1 1
Joev) = 27/ L1 (C1 + Cy) Com L2 (C2 + Cy) |

The ABCD parameters of converter at f,, (cv) for CV output

given as follows:
ve| [ 1 0] [2)
]z U |-

Condition for a current source is that its Norton equivalent
impedance (Z,,) will be equal to infinity. The output impedance
of the proposed converter is tested practically using a hardware
set up as shown in Fig. 4(a). The measurement circuit for CC
and CV mode are also shown in Fig. 4(b) and (c), respectively.
From measurement, CC characteristics are found at f,1, («cc),
ie., 114.7 kHz as shown in Fig. 4(d). Similarly, at resonant
frequency (f,, (cv)), i.e., 114.3 kHz shows CV operation, which
is shown in Fig. 4(e). This measurement is important as it guides

. By comparing (2) and

“
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Fig. 4. (a) Output impedance (Z,y,+) measurement set up. (b) Measurement

circuit in CC mode. (c) Measurement circuit in CV mode. (d) Experimental
output impedance in CC mode. (e) Experimental output impedance in CV mode.

selection of accurate SC network values, which confirms CC—
CV changeover at constant switching frequency. Thus, f, 1, (cc)
is equal to f, (V).

fo1,(co) = fo(cv). (10)

B. Current and Voltage Gain in CC—CV Mode

For simplifying gain in CC—CV mode of proposed converter
normalization of frequency and impedances are essential where
the base frequency and base impedance are w, and Z,, respec-
tively. Quality factor (Q), normalized switching frequency (f;, or
wy), ratio from magnetizing inductance to leakage inductance
() is defined as follows:

w :71 :71 Q:—

0= JL,C, VL Cy R,
— — ws _ [s _ /L _ Ly, _ _k
n—fn—o:—*azo— (Tiv‘p_ﬁ_lfk

(11)
The equivalent input impedance (Z;,) and the normalized
input impedance (Z,, = Z;,,/Z,) are obtained as follows:

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

¥}

Voltage gain (M)

06 07 08 09 1 11 12 13 14 06 07 08 09 1 11
Normalized operating frequency (wn) Normalized operating frequency (W“)

(a) (b)
Fig.5. (a) Current gain in CC mode. (b) Voltage gain in CV mode.

The voltage gain (M) and current gain (H) can be expressed
as follows:

! -/ 2
M =22 andH =2 = \/—MQ. (13)
Va Z: ™
Z5||(Z3+R,) R }
Where M = ‘(Z1+[ZzH(Zs+RL)}) (Zs+R )‘ Equa

tion (14) shown at the bottom of this page.
The current gain remains constant regardless of the load (Q)
when the system operated at f,, 1, (cc ), as shown in Fig. 5(a).

1
= We = ——— =V1—k 15
w Wel T (15)

where w,.; is the normalized operating frequency and current
gain H at w.; is given as follows:

V2 Vite V2 V1-k
-

Hy =0, =
s %, ™

(16)

In CV mode, switches S, and S} are closed, and the resonant
tank is now composed of L;, Ly, La, (C; + Cy), and (Cp + Cy).
Hence, new series resonant frequency is f, (cv ). Fig. 5(b) shows
the M characteristics of the converter. When the system operates
at fo (cv) Or w, = wyg, the voltage gain remains constant
regardless of the load (Q), where w,2 is the new normalized
series operating frequency and M is independent of the load.
From Fig. 5(a) and (b) it is concluded that the M and H gain
curves independent to the load at the normalized frequency (w,,
= Wes = Wyz = 0.89) it will show the CF operation in both CC
and CV modes.

The frequencies w.; and w,2 are the normalized operating
frequency for achieving CC and CV output in CC mode (when
S, and Sy are open) and in CV mode (when S, and S}, are closed),
respectively.

The phase of normalized input impedance (f) between the

Zin =271 + (22| (Zs+ R))]. (12)  input voltage and input current are obtained as follows:
"(P(].‘i‘@ + n@ (1+2<p _QQD 3) (3_~_90 QZ) _inSP ]
y N(1+2<p)+ £ (446 - J)+“Z§°(2Q2 —6—6)
] 5 3
Wi whe
(4 + 20— @) e
M (w) = (14)

[1-w2 (3+2¢+Q2)+w (3+4<p+ 52
+[5 2+30) -

\/

2
*u; (1+2<p)}

" (44 3¢p) + %}
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Using (17) shown at the bottom of this page, w,, versus 6 of

n 18 plotted in Fig. 6 for different values of “Q” in both CC

and CV mode. The 6 equal to zero at w,, equal to w.; given as
follows:

= 0. (18)

0 ‘ Wn=Wc1

Fig. 6(a) shows zero power angle at w.; (in CC mode) result-
ing zero voltage switching (ZVS) at turn-ON and zero current
switching (ZCS) at turn-OFF operation. Similarly, in Fig. 6(b)
the 6 is greater than zero by setting w,, equal to w,e (in CV
mode) shows inductive nature of the circuit, which confirms the
ZVS turn-ON operation.

III. KVA/KW DESIGN OPTIMIZATION

kVA/kW-based design optimization is used to determine the
physical size of the converter, which reduces size of reactive
components. The kVA/kW of proposed WCS is given as (19)
shown at the bottom of this page.
The normalized rms current and voltages are calculated as
follows:
Vae

(20)

an = s Vgn =

where ¢ is the respective component, the base voltage and base
current is taken as Vg, and (Vq. /Z,), respectively. Fig. 7(a)
shows the plot of (22) as a function of Q and k. The battery

TABLE I
Design Parameters of the Prototype

C C; C. C, L, L k n
16.59 51.4 4.08 12.5 113.41 34.1 0.195 1.81
nF nF nF nF uH uH

resistance (R,) varies in the range of 5 to 60 €2 from start of CC
mode to end of CV mode. The Q factor as defined in (11) has
R/, (= 8 n? R,/m?) term in the denominator. Thus, a change in
R, from 5 € to 60 €2 results in a change in Q from 5.4 to 0.45
(i.e., a change by a factor of 0.083).

Zn|w:w :?—fz’M|w =w. — 1+Lp H|w =w
n c SD n c n c
— V2 Vite
T
Tenl=2 (55), Veul =2 (G) . Verl
_ vz (are)?
I Q¢?
T _ V2 V((+9)-Q%¢?) v _ V2 VIToV (Qe)’+o+1
| mnl— p Qp | mnl ™ Q2
_ V2/ite _ V2(1+9)
|IL,27,,{7 TP £ |V 2n|77l'§£77 |VC ‘ wgaw
(21)
2+ 3p + ¢* +2Q%° + Q*p°
kVA - 1 \ " V1+0-Q%*/1+9o+Q%
kW 2 Q21+ ¢
(22)
v kVA
kVA/k Waye = —— AQ / dQ. (23)

Fig. 7(b) shows the plots of (23), which indicate the average
kVA/kW rating within the entire charging cycle of the battery.
For the range of Q, 0.45 to 5.4, the average value of kVA/kW
rating is almost minimum, and the corresponding size is also
minimum. Therefore, by using an optimum Q range (0.45, 5.4),
the minimum size is found at k = 0.2.

After examining (14), it has been concluded that the voltage
gain is unity for Q = 4.5 and k = 0.2 at both w,, = w2 and at
Wp = Wy, as shown in Fig. 5(b). Using this value of Q = 4.5
the designed parameters of the proposed WCS are calculated
using (24) and it is mentioned in Table I. Where L, is the
self-inductance (sum of leakage and mutual inductances) of
transmitter side winding and Lg is for receiver side winding.
“n” denotes the primary to secondary windings’ turns-ratio. It

Q (w8 (1 + 3¢ + 242 +w2 (3+3p— ) —1
N ) v (- ) -y
wn@
KVA  Hrinl (IVeinl + [Vernl) + Hnnl Vil + | Iy | ([Viga| + [Vera|)
= ERyen : (19)
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(b) CV mode transient operation.

may be noted that L, = n® L, (within allowable truncation error).

V2|M|, . Vi /
_ M|, ., Vic Cl = — 1 Ll — QR
(Vo) ’ w2(L1+Lm) we 7
k
Lim = 1% In
_ 1 2 _ 1 _ 1
C2_w3(L2+Lm) 7L2—n Ll; Lp— 11—k L17 Ls— -k L2
C =-—1 C,, C, = B - Cs
* 4”2L1f31,(cc> » Y 4”2f31,(cc)L2

IV. SIMULATION AND EXPERIMENTAL RESULTS

Intotal, 600 W (60 V/10 A) prototype is designed and operated
at fixed switching frequency (115.6 kHz) which is closer to
theoretical and practical impedance measurement, i.e., 114.7
kHz to get CC-CV operation. Simulated waveforms of the
output voltage (V,) and output current (/,) under varying load
conditions for CC and CV charging modes are shown in Fig. 8(a)
and (b), respectively.

The Silicon Carbide (SiC) MOSFETs (NVH4L075N065SC1)
are employed as switches Q; and Q». Later, GaN transis-
tors (IGT60R070D1) are also used for comparison. High fre-
quency polypropylene capacitors are used as Cy, Ca, Cy, and
Cy. Due to several merits circular charging coils are exten-
sively utilized for charging applications. Schottky fast diodes
(STPS80H100CWLY) are used as Dy to D .

The key waveform with R, = 6 2 in CC and in CV charging at
steady state condition are shown in Fig. 9(a) and (b), respectively.
Fig. 9(c) shows that the converter maintains constant output
current at 10 A, and zero power angle (ZPA) condition. This
ensures advantage of both ZVS turn-ON and ZCS turn-OFF while
R, changes from 1.2 to 6 (2. Similarly, Fig. 9(d) demonstrates
stable output voltage 60 V under varying load resistance (6 to
30 ) and i, is observed to lag behind V42, achieving ZVS at
turn-ON.

The ZVS turn-ON result for switch Qs is shown in
Fig. 10(a). Similar soft-switching characteristics are also ob-
served for switch Q. In Fig. 10(a), V452 represents the drain-
to-source voltage of O, while 145 represents the drain current.
Vg2 i the gate-to-source voltage (control signal) of MOSFET Q5.
It can be observed that the antiparallel diode of Q3 is turned ON
before Q5 conducts and ZVS performance closely matches with
simulation. Fig. 10(b) shows the voltages of the compensation
capacitors during the CC-CV transition. Also, the seamless
transition from CC to CV mode is shown in Fig. 11. Throughout
this transition, the system consistently upholds a stable voltage
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Fig. 11.  Transition from CC to CV mode. (a) Simulated. (b) Experimental.

of 60 V. However, during CV charging, there is an increase in
reactive power consumption, leading to an increase in i,. As a
result, compared to CC charging, CV charging has somewhat
lower efficiency.

The impact of misalignment on power transfer is also studied
for CC mode and CV mode. Fig. 12(a) and (b) show a plot of ex-
perimentally obtained output power for different misalignment
distance in both CC and CV charging modes, respectively. In CC
charging, at a misalignment of 5.3 cm resulting in an increase of
P, from 600 to 898.3 W, while the resonant frequency f,1,(cc)
remains unaffected. In CC mode, the switching frequency is
same as the resonant frequency of compensation capacitor and
self-inductance of coil. As a result, the circuit continues to func-
tion under ZPA conditions even when misaligned, as illustrated
in Fig. 13(a).
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However, as given by (16), the current gain increases under
misalignment. This increase in current gain comes at a cost as
the ratio of circuit’s reactive power to real power increases more
rapidly as shown in Fig. 7(a). In practical case little misalignment
may be tolerated by the circuit but if the misalignment is much
higher, the ZPA condition may lead to damaging magnitude of
circuit currents and some safety mechanism (such as reduction
in input voltage) may need to be employed.

Fig. 13(b) shows how V,, I,, and P, in CV mode decreases
as the misalignment distance increases. Whenever there is a 5.3
cm misalignment, the output power decreases from 600 W to
241.6 W. Furthermore, in CV charging mode, the reactive power
increases as the input phase angle increases with misalignment
distance.

Fig. 14(a) and (b) illustrate the variation in V,, and I, with re-
spect to the change in R, in the CC and CV modes, respectively.
The theoretical efficiency is calculated using the following:

2 ot
1o R, 1

iR o+ IpRe +iGRr 1+ g + Il

n= (25)

Efficiency plots using SiC (NVH4L075N065SC1) and GaN
(IGT60R070D1) devices in CC and CV modes are shown in
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TABLE II
Comparison of Different Exciting WCS With Proposed WCS

[61,(7] | [9],[10] | [11] |[12],[13]| [14]-[16] | Proposed
Extra DC-DC | 1 Yes No No No No
converter
Switching wide fixed fixed fixed fixed fixed
frequency range
Reconﬁgu ralgl No No No No Yes No
e tank circuit
AS]Aze . No No No No No Yes
optimization
Soft switching | Yes No No No Yes Yes
No of coils 2 2 2 2 3 2
Cost High High High High High Low
Complexity | High High High High High Low

Fig. 15(a) and (b) respectively. Similarly, the efficiency plot
related to misalignment in CC mode is shown in Fig. 15(c).

A comparison of existing systems with the proposed WCS
is given in Table II. From the comparison, it is clear that
proposed SC-based LLC resonant dc-dc converter offers better
performance in term of size and less control complexity.

V. CONCLUSION

In this letter, a novel SC based LLC resonant converter is pro-
posed to achieve CC—CV characteristics at constant switching
frequency for EV charging. The system initially works in the CC
charging mode using conventional method. The CV charging
mode is achieved by using SC network when S, and S} are acti-
vated. This connects an external capacitor across the compensat-
ing capacitors, which reduces the system’s resonance frequency
by modifying the resonant network. This novel configuration
allows for a smooth transition between CC and CV modes
while keeping switching frequency to a constant value. Through
steady-state analysis, mathematical expressions for current gain,
voltage gain, and input impedance are derived. Furthermore, the
proposed system is equipped with kVA/kW optimization method
for compact design. The system ensures soft switching operation
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over the entire load range. The experimental results validate the
performance of the proposed WCS. The efficiency improvement
of 17% is possible in CC mode by GaN based design compared
to the SiC at 100 W.
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