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Abstract This paper proposes a design and control

approach to parallel resonant converter (PRC) based bat-

tery chargers. The proposed approach is particularly suit-

able for the constant-current constant-voltage (CC-CV)

charging method, which is the most commonly utilized

one. Since the PRC is operated at two different frequencies

for each CC and CV charging modes, this approach elim-

inates the need for complicated control techniques such as

the frequency-control and phase-shift-control. The pro-

posed method not only simplifies the design and imple-

mentation processes of the converter unit but also

simplifies the design of output filter configuration and

decreases the number of the required components for the

control of the charger. The proposed method is confirmed

by two experimental setups. The results show that the

designed charger circuit ensured a very stable constant

current in CC charging phase, where the charging current is

fixed to 1.75 A. Although a voltage increase in CV phase is

observed, the charger circuit is able to decrease the

charging current to 0.5 A in CV phase, as depicted in

battery data-sheet. The efficiency of the charger is figured

out to be in the range of 86%-93% in the first setup, while it

is found to be in the range of 78%-88% in the second setup,

where a high frequency transformer is employed.

Keywords Resonant converter, Parallel resonant

converter, Battery charger, Constant-current constant-

voltage (CC-CV) charging

1 Introduction

The extensive use of batteries in small- to large-scale

power systems, such as cell phones, plug-in and hybrid

electric vehicles (EVs) and renewable energy systems

(RESs), require convenient charger circuits. The basic

expectations from these circuits are that the power elec-

tronic unit has high power density and operates at high

efficiencies, while they are able to keep up with the

dynamic behavior of the battery pack [1].

Although there are various charging algorithms, the

constant-current constant-voltage (CC-CV) charging is the

most common method that is utilized for the charging

process of various battery types [2, 3]. The CC-CV

charging algorithm is comprised of two charging modes. In

the first mode, the charger circuit provides a constant

current until voltage of the battery pack reaches to a certain

value. Beyond this point, the charger circuit supplies a

constant voltage output, while the charging current slowly

decreases.

The resonant converters offer several advantages such as

lower switching losses leading to higher switching fre-

quencies and higher power densities [4–6]. Thus, resonant

converters are the key technology in DC power applica-

tions [1]. Consequently, many resonant converter
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mbiberoglu@yalova.edu.tr

Bekir FINCAN

fincan@itu.edu.tr

1 Energy Systems Engineering Department, University of

Yalova, 77200 Yalova, Turkey

2 Electrical Engineering Department, Istanbul Technical

University, 34469 Istanbul, Turkey

123

J. Mod. Power Syst. Clean Energy (2019) 7(1):186–199

https://doi.org/10.1007/s40565-018-0403-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s40565-018-0403-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40565-018-0403-7&amp;domain=pdf
https://doi.org/10.1007/s40565-018-0403-7


topologies have been widely used as battery chargers,

especially for EVs [7–13].

Resonant converters are categorized into three basic

topologies, depending on the manner by which resonant

tank type the energy is extracted from. These are the series

resonant converter (SRC), parallel resonant converter

(PRC), and series-parallel converter (SPRC) [1, 6]. PRCs

exhibit some desired features; easy output voltage regula-

tion for above the resonance frequency operation at no

load, less conduction losses, wide load variation (load

insensitivity) and decreased ripple of the output voltage.

Moreover, PRCs inherently ensure protection against short

circuit conditions and have capability of no load operation,

with the exception of near resonance frequencies. One

major drawback of the PRC is that the output voltage of the

converter is highly dependent on the load and therefore it

can be increased to very high values under no load [4, 14].

Considering the facts mentioned above, PRCs seem to be

one of the convenient topologies for battery charger

applications.

The operation of PRC is well-known [15] and the most

basic approach for output voltage/current regulation is the

frequency control method. A number of PRC configura-

tions with frequency control for battery applications have

been reported in the literature. Reference [4] offered a PRC

topology for the mobile battery charger applications, in

which the large output side inductor have been replaced by

a relatively small sized inductor. An alternative full bridge

PRC for RES has been suggested, where the resonant tank

elements have been connected in a different configuration

in order to decrease the voltage stress on the semiconductor

devices in [16]. In [17], a PRC topology for the grid-con-

nected RES with reduced switching frequency variations

has been demonstrated. A recent study [18] compares four

basic frequency-controlled resonant converter topologies

operating above the resonance in the aspect of being

applicable as on-board EV chargers based on CC-CV

charging method. Their study states that the PRC performs

well in CC charging mode, whereas it has very low effi-

ciency in the CV charging mode. This is caused by the fact

that, at above resonance operation, the input current does

not significantly decrease as the load decreases [18].

Although the frequency-control method is commonly

applied, the main problem with this method is that the

switching frequency must be adjusted in a wide range. This

complicates the design and optimization of circuit ele-

ments. In addition, the change of switching frequency is

actually quite sharp so that it causes more switching losses

and consequently a decrease in the general system effi-

ciency [19–21].

In the literature, several approaches have been proposed

for avoiding the frequency control. One of the earliest

approaches is the phase modulated resonant converters

(PMRC) that was published in the late 80’s. In [22], a

constant frequency resonant converter is designed by

implementing two conventional SRC or PRC whose out-

puts are connected either in parallel or in series. These

converters are operated at a constant frequency, whereas

the output voltage is controlled by the phase displacement

at the inverter stages. The disadvantages of PMRCs are the

unbalanced inductor currents and capacitor voltages at the

resonant tanks. Moreover, the circulating currents at light

loads and high component stresses are some of the major

drawbacks [23]. In [24], clamped mode resonant converters

(CMRC) have been proposed. These converters regulate

the output voltage by controlling the pulse width of square

voltage across the resonant tank. The major disadvantage

of these type of converters lies in the fact that each couple

of switching elements have different peak and RMS cur-

rents. A further approach is proposed in [19], where the

output voltage can be regulated by the utilization of a

variable inductor in the resonant tank. The shortcoming of

this approach is the low efficiency due to the operation at

far from the resonance frequency. A classical type PRC

operating as a constant current source at resonance fre-

quency has been reported in [25]. Reference [26] offers

another technique by employing a switched capacitor at the

resonant tank for controlling the output voltage gain. A

recent approach proposed by [27], is a pulse-width modu-

lation (PWM) operated secondary resonant tank (SRT)

converter, which is comprised of a conventional full-bridge

PWM inverter and a resonant tank connected at the sec-

ondary side of the transformer. The voltage/current regu-

lation is achieved by the closed-loop control of the PWM

generator.

As reviewed above, there are several methods for

achieving voltage and current regulation for resonant

converters. The most commonly utilized technique, the

frequency control method, suffers from the efficiency drop

caused by the sharp changes of the switching frequencies.

Moreover, the design process is more complicated since the

switching frequency is not constant. Furthermore, it is also

worth mentioning that the output voltage regulation of

resonant converters are claimed to be challenging. The

major reasons for this issue are the load variations, the

discontinuous and highly non-linear converter models and

immeasurable state variables. Similar problems also exhibit

challenges in different engineering disciplines that can be

overcome with complicated techniques [28]. Thus, even

adaptive controllers for resonant converters have been

proposed in [29, 30].

As mentioned previously, there are several proposed

methods for avoiding the frequency-control technique,

such as PMRCs, CMRCs etc. However all of these tech-

niques suffer either from unbalanced currents, decreased

efficiencies or complex circuitry. Moreover, all of these
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techniques require closed-loop controllers for CC and CV

phases. In contrast to reviewed techniques, the proposed

approach in this paper utilizes two distinct inherent features

of the PRC for achieving current and voltage regulation

under CC-CV charging method. In this study, which is a

more comprehensive and extended version of [31], the

PRC is operated under two different constant frequencies

for each charging phase, either as a constant current source

(CCS) or a constant voltage source (CVS). The proposed

battery charger does not require any complicated circuitry

nor complex control approaches. Moreover, this approach

diminishes the need for closed-loop current / voltage con-

trollers, when the input voltage stability is assured. Thus,

the design of power electronic unit and implementation

process are simplified. What is more, the method offered in

this paper eliminates the disadvantage of the PRC, men-

tioned in [18], by operating the PRC below resonance.

2 Theoretical background

Bucher et al. have investigated the steady-state charac-

teristics of the PRC analyzed by several different approa-

ches. They stated that three different types of solution

approach exist; exact time domain solutions, first harmonic

approximation (FHA), and extended first harmonic

approximation (e-FHA). Their study claimed the solutions

derived by the exact time domain analysis to be very

accurate. On the other hand, the FHA assumes that the

inductor current and capacitor voltage is sinusoidal, leading

to inaccurate results for some operation modes. However,

the e-FHA assumes that only the inductor current is sinu-

soidal. Both FHA and e-FHA results are acceptable for

switching frequencies above the resonance, whereas the

results of the FHA are not accurate for discontinuous

conduction mode (DCM) conditions [32]. In this study, the

exact solutions of the PRC using state plane analysis (SPA)

is investigated and briefly summarized. The analysis

summarized here is for the full-bridge PRC topology

including a transformer with a turns-ratio of n ¼ 1. The

details of the SPA can be found in [33, 34].

The full-bridge configuration of the PRC is illustrated in

Fig. 1 . This circuit can be represented in a simpler form as

shown in Fig. 2. Please note that, the terminal voltage VT

and terminal current IT are square-waves with a magni-

tudes of �Vg and �I.

The mathematical expressions derived for the equivalent

circuit are:

Lr
diLr ðtÞ
dt

¼VT � VCr
ðtÞ ð1Þ

Cr
dVCr

ðtÞ
dt

¼iLr ðtÞ � IT ð2Þ

Now, the circuit parameters are normalized using the

base values given in Table 1.

The state equations in normalized form become:

1

x0

djLrðtÞ
dt

¼MT � mCr
ðtÞ ð3Þ

S1 n
D5

6
8

Lf

RCf

Lr

Cr
Vg

S3

S2

S4

D
D
D

7

Fig. 1 Full-bridge PRC with high frequency transformer

Table 1 Base values and normalized parameters for full-bridge PRC

Parameters Value

Base values Base impedance (X) Rbase ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðLr=CrÞ
p

Base voltage (V) Vbase ¼ Vg

Base current (A) Ibase ¼ Vg=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðLr=CrÞ
p

Base power (W) Pbase ¼ V2
g=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðLr=CrÞ
p

Base frequency (Hz) fbase ¼ 1=2p
ffiffiffiffiffiffiffiffiffiffi

LrCr

p

Normalized

parameters

Normalized load voltage M ¼ V=Vbase

Normalized load current J ¼ I=Ibase

Normalized capacitor

voltage

mCr
ðtÞ ¼ VCr

ðtÞ=Vbase

Normalized inductor

current

jLr ðtÞ ¼ iLr ðtÞ=Ibase

Tank resonance angular

frequency
w0 ¼ 1=

ffiffi

ð
p

LrCrÞ ¼ wbase

Tank resonance

frequency

f0 ¼ w0=2p

Normalized switching

frequency

F ¼ fs=f0

Angular length of half

switching period

c ¼ p=F

Diode conduction angle a ¼ x0ta

Transistor conduction

angle

b ¼ x0tb

VT

Lr

VCrCr

iLr
IT

I

Fig. 2 Resonant tank reduced to equivalent circuit
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1

x0

dmCr
ðtÞ

dt
¼jLrðtÞ � JT ð4Þ

where w0 is the angular resonance frequency; MT and JT
are normalized terminal voltage and terminal current

values. The solutions of these differential equations are:

mCr
ðtÞ ¼ MT þ ðmCr

ð0Þ �MTÞcosðx0t � /Þ
þ ðjLrð0Þ � JTÞsinðx0t � /Þ

ð5Þ

jLrðtÞ ¼ JT þ ðjLrð0Þ � JTÞcosðx0t � /Þ
� ðmCr

ð0Þ �MTÞsinðx0t � /Þ
ð6Þ

Using differential geometry techniques, the relationship

of two important quantities VCr
and iLr can be represented

geometrically as a circle centered at the point (mCr
¼ MT ,

jLr ¼ JT ), as shown in Fig. 3. The radius of the circle, r,

and / depend on the initial conditions.

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðmCr
ð0Þ �MTÞ2 þ ðjLr ð0Þ � JTÞ2

q

ð7Þ

2.1 Operation modes

Now that a general geometrical solution for the equiv-

alent circuit is obtained, solutions for all subintervals of the

circuit can also be achieved. The PRC has 4 continuous

conduction mode (CCM) and 2 additional DCM subinter-

vals, depending on the states of the VCr
and iLr .

2.1.1 Subinterval 1

The first subinterval of CCM, shown in Fig. 4a, occurs

when the terminal voltage is VT ¼ þVg and the terminal

current is IT ¼ �I. In this mode, S2, S3, D6, D7 conduct

and the capacitor voltage is negative, VCr
\0.

2.1.2 Subinterval 2

The second subinterval of CCM, seen in Fig. 4b, occurs

when the terminal voltage is VT ¼ þVg and the terminal

current is IT ¼ þI. In this mode, S2, S3, D5, D8 conduct

and the capacitor voltage is negative, VCr
[ 0.

2.1.3 Subinterval 3

The third subinterval of CCM, illustrated in Fig. 4c,

occurs when the terminal voltage is VT ¼ �Vg and the

terminal current is IT ¼ þI. In this mode, S1, S4, D5, D8

conduct and the capacitor voltage is negative, VCr
[ 0.

2.1.4 Subinterval 4

The fourth subinterval of CCM, presented in Fig. 4d,

occurs when the terminal voltage is VT ¼ �Vg and the

terminal current is IT ¼ �I. In this mode, S1, S4, D6, D7

conduct and the capacitor voltage is negative, VCr
\0.

2.1.5 Subinterval 5 (additional DCM Subinterval 1)

The fifth subinterval is caused by the DCM operation of

the PRC under heavy load. In this case, the inductor cur-

rent, iLr at the end of the first subinterval is less than the

terminal output current, IT ¼ I. Thus, the transition to

Subinterval 2 cannot happen. Therefore Subinterval 5

occurs, where capacitor voltage, VCr
¼ 0 and current iCr

¼
0 until the inductor current is charged up to iLr ¼ I. In this

interval, S2, S3 and all output diodes, D5-D6-D7-D8,

conduct. This mode is represented in Fig. 4e.

2.1.6 Subinterval 6 (additional DCM Subinterval 2)

The sixth subinterval is the dual of the fifth subinterval.

It occurs during the transition from Subinterval 3 to

Subinterval 4. In this interval, S1, S4 and all output diodes,

D5-D6-D7-D8, conduct. It is illustrated in Fig. 4f.

MT

jLr

jLr

(0)

JT

mCr
mCr

(0)0

r
φ

Fig. 3 Normalized state plane trajectory for circuit in Fig. 1

VT=VgVg
Lr

I IT =

VCr
<0Cr I VT=VgVg

Lr

I IT =

VCr
>0Cr I

VT= VgVg
Lr

I IT =

VCr
>0Cr I VT= VgVg

Lr

I IT =

VCr
<0Cr I

I IT =

VT=Vg VCr
=0Vg I

iLr I IT =

VT= Vg VCr
=0Vg I

iLr

(a) Subinterval 1 (b) Subinterval 2

(c) Subinterval 3 (d) Subinterval 4

(e) Subinterval 5 (f ) Subinterval 6

Fig. 4 Equivalent circuit
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2.2 State plane trajectories for CCM and DCM

Since geometrical solutions for all subintervals are

obtained, they all can be interpreted in a single state plane

trajectory plot. In the CCM case, Subintervals 1 to 4 occur,

where each subinterval can be represented as a circle

centered at the terminal voltage and current values. The

complete state plane trajectory for the CCM is illustrated in

Fig. 5.

In case of DCM operation, two more additional subin-

tervals are observed, where the inductor current, iLr is

charged up to the value of terminal output current, IT . The

complete state plane trajectory for the DCM is illustrated in

Fig. 6.

The output voltage expressions of PRC can be derived

parametrically by using some averaging techniques,

resulting in the expressions for CCM case given in (8)–

(10).

M ¼
 

2

c

! 

u� sin u
cos c

2

!

ð8Þ

u ¼� arccos

 

cos
c
2
þ Jsin

c
2

!

For above resonance

ð9Þ

u ¼þ arccos

 

cos
c
2
þ Jsin

c
2

!

For below resonance

ð10Þ

where u ¼ ðb� aÞ=2. As it can be noticed, the value of u
must be calculated for solving the normalized output

voltage value. Since DCM and CCM trajectories are

derived, the solutions important parameters, such as M, J,

DCM boundary condition Jcrit, can be derived

geometrically.

The DCM occurs for J[ Jcrit, where Jcrit is expressed

as:

Jcrit ¼ � 1

2
sin cþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

 

sin
c
2

!2

þ 1

4
ðsin cÞ2

v

u

u

t ð11Þ

The equations for the DCM solution are:

M ¼ 1þ
 

2

c

!

ðJ � dÞ ð12Þ

bþ d ¼ c ð13Þ

cosðaþ bÞ � 2cos a ¼ �1 ð14Þ

2sin a� sinðaþ bÞ þ ðd� aÞ ¼ 2J ð15Þ

Using these formulas, complete output characteristics of

the PRC is obtained as illustrated in Fig. 7.

These output characteristics describe the relationship

between J and M for different values of F. The solid lines

represent the CCM, whereas the dashed lines represent the

DCM.

mCr

jLr

jLr

+1
−1

JL1

−JL1
(0)

mCr
(0)

+J

−J

1

2

4

3

Fig. 5 State plane trajectories for CCM

+1−1

+JL1

−JL1

+J

−J

1

5

2

3

4

6

mCr
(0)

jLr
(0)

mCr

jLr

Fig. 6 State plane trajectories for DCM
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3 Proposed method

3.1 Basic information on proposed method

In Fig. 7, it is seen that operation at F ¼ 1:0 results in a

straight output curve for M� 0:3 boundary. This means

that, within this boundary the PRC can act as a CCS with a

normalized output current of J ¼ 1. A second important

feature is observed for operation at half resonance fre-

quency F ¼ 0:5, where the putput curve is approximately a

straight vertical line for J� 1:5 boundary. Thus, it can be

concluded that the PRC operates as a CVS supplying a

normalized output voltage of approximately M ffi 1. Con-

sidering these two distinct features, it can be inferred that

the PRC can be easily designed for CC-CV charging by

utilizing their inherent characteristics. Basically, the PRC

is operated at resonance frequency, F ¼ 1:0, for CC

charging mode, while it needs to be operated at half res-

onance frequency, F ¼ 0:5, for CV charging mode.

3.2 Designing PRC

The first step of the design procedure is to determine the

maximum charging current (the constant current value in

CC phase), Imax, and the maximum charging voltage (the

constant voltage value in CV phase), Vmax. In order to

figure those out the data-sheet of the battery should be

referred.

3.2.1 Determining resonant tank elements

In the theoretical background section a brief analysis for

the full-bridge PRC topology with n ¼ 1 transformer turns

ratio was given. For different PRC topologies, the base

voltage and base impedance values should be altered so

that the previously derived SPA solutions in normalized

form remain the same. Base values for common PRC

topologies are given in Table 2. It should also be pointed

out that if a transformer is employed, the base impedance is

calculated according to the parameters of resonant tank

referred to the secondary side. The parameters L
00
r and C

00
r

are the values of resonant tank elements referred to the

secondary side of the transformer.

In this study, a low power application example is

included in the last section. Therefore, it is aimed to build a

test setup with half-bridge topology in order to decrease the

number of components and the cost of the charger circuit.

Thus, the formulas given in this section are obtained using

the base values Vbase ¼ nVg

2
and Rbase ¼

ffiffiffiffiffi

L
00
r

C00
r

r

. For this case

the normalized output voltage is expressed by:

M ¼ Vmax

Vbase
¼ 2Vmax

nVg
ð16Þ

The maximum voltage is achieved and maintained at

CV charging phase, where F ¼ 0:5 and M ¼ 1:0. By

rearranging (16) for CV charging mode, the necessary

transformer turns ratio can be obtained by (17).

n ¼ 2Vmax

MVg
¼ 2Vmax

Vg
ð17Þ

Now, it is necessary to determine the values of other

quantities for obtaining the desired output current at CC

charging mode. The expression for normalized output

current is given in (18).

J ¼ Imax

Ibase
ð18Þ

The base current value is:

Ibase ¼
Vbase

Rbase
¼ nVg

2

ffiffiffiffiffi

L00r
C
00
r

r

ð19Þ

Using (18) and (19):

Table 2 Base values and normalized parameters for different PRC

topologies

Topology Base

voltage

Vbase

Base

impedance

Rbase

Full-bridge without transformer Vg
ffiffiffiffi

Lr
Cr

q

Full-bridge with 1:n transformer,

resonant tank on primary side

nVg
ffiffiffiffiffi

L00r
C00
r

r

¼ n2
ffiffiffiffi

Lr
Cr

q

Half-bridge with 1:n transformer,

resonant tank on primary side

nVg

2

ffiffiffiffiffi

L
00
r

C
00
r

r

¼ n2
ffiffiffiffi

Lr
Cr

q

0 0.5 1.0 1.5 2.0 2.5

0.5

1.0

1.5

2.0

2.5

3.0

Normalized load voltage M

N
or

m
al

iz
ed

 lo
ad

 c
ur

re
nt

 J

0.51F 
CCM-mode
DCM-mode

0.6F 

0.7F 

0.8F 

0.9F
1.0F 

1.1F 
1.2F 

1.3F 
1.5F

2.0F

Fig. 7 Exact output characteristics of PRC
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J ¼ 2Imax

nVg

ffiffiffiffiffi

C
00
r

L
00
r

r

ð20Þ

The maximum current, Imax, is achieved at CC charging

phase, where F ¼ 1:0 and J ¼ 1:0. Now, the characteristic

impedance for the resonant tank, R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

L00
r=C

00
r

p

, can be

calculated.

R0 ¼
ffiffiffiffiffiffi

L00
r

C
00
r

s

¼ nJVg

2Imax

¼ nVg

2Imax

ð21Þ

Using (21) the value of characteristic impedance for

obtaining the desired output current at CC charging phase

is determined. And then, one of the resonant tank elements

needs to be chosen and the other can be calculated from the

value of R0. Mostly, a commercially available capacitor is

selected and then the required value of the inductor is

calculated. The resonance frequency is calculated as:

f0 ¼
1

2p
ffiffiffiffiffiffiffiffiffiffi

L
00
rC

00
r

p ¼ 1

2pC00
r R0

ð22Þ

If the resonance frequency is not suitable for

application, it can be adjusted by changing the values of

the resonant tank elements. When a suitable capacitor

value and resonance frequency is achieved, the required

inductance value is calculated as follows:

L
00

r ¼ C
00

r R
2
0

ð23Þ

Using these equations, the most crucial elements of the

PRC are determined. The design steps explained in this

section are briefly summarized as a flowchart in Fig. 8.

3.2.2 Choosing components

One big advantage of the SPA is that the peak voltage &

current values of the resonant tank inductor & capacitor

can be determined from the state plane trajectories given in

Fig. 5 and Fig. 6. If a solution for the steady state values of

the PRC has already been obtained, the peak values can be

easily determined using basic trigonometric principles.

Since the details of the solutions can be found in [33] and

[34], only the final solutions are given below. For the CCM

case the peak component stresses are:

MCrP
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðMCr
ð0Þ þ 1Þ2 þ ðJ � JLrð0ÞÞ

2
q

� 1 JLrð0Þ[ J

ð24Þ

MCrP
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðJLr1 � JÞ2
q

þ 1 JLrð0Þ\J ð25Þ

JLrP ¼JLrð0Þ MCr
ð0Þ\1 and JLrð0Þ[ 0 ð26Þ

JLrP ¼J þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðJLr1 � JÞ2 þ 1

q

MCr
ð0Þ[ 1 or JLrð0Þ\0

ð27Þ

where MCrP
and JLrP are the normalized peak capacitor

voltage and inductor current values, d ¼ c� b (in DCM),

JLrð0Þ and MCr
ð0Þ are shown in Fig. 5 and Fig. 6. For the

DCM case the peak component stresses can be expressed as:

MCrP
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðMCr
ð0Þ þ 1Þ2 þ ðJ � JLrð0ÞÞ

2
q

� 1 JLrð0Þ[ J

ð28Þ

MCrP
¼2 JLrð0Þ� J ð29Þ

JLrP ¼JLrð0Þ c� d\p=2 ð30Þ

JLrP ¼J þ 1 c� d� p=2 ð31Þ

Using (24) to (31) the components can now be

determined.

3.3 Effect of transformer on resonant tank

A high frequency transformer is often employed in

resonant converter applications for providing galvanic

isolation and adjusting the voltage and current levels.

Generally, the resonant tank is connected to the primary

side of the transformer as shown in Fig. 9. Since the

transformer introduces new elements to the resonant tank,

it might be doubted whether a PRC can exhibit close to the

ideal characteristics or not. In this section, the effect of

transformer is investigated. A more detailed interpretation

of the influence of the transformer can be found in [35].

Figure 9 illustrates the equivalent circuit of the resonant

tank referred to the secondary side, where the transformer

model is comprised of leakage and magnetizing induc-

tances. As seen, the resonant tank now has more elements

compared to the previously analyzed ideal case. In the ideal

PRC, the resonant tank consists of two elements and the

output rectifier of the PRC is driven with the voltage of the

Choose an appropriate capacitor value

Determine the required inductance using (23)

Determine “n” using (17)

Choose Imax maxand V

Design inductor
Y

N

Design high frequency
transformer

Check the resonance frequency using (22)

Final design achieved

Determine Cr to Lr ratio or R0 using (21)

f0 reasonable?

Fig. 8 Flowchart showing design steps
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123



resonant capacitance, Cr. On the other hand, the operation

of the resonant tank might be influenced due to significant

inductances introduced to the resonant tank circuit.

In order to prevent the transformer from influencing the

operation of the PRC, there are two conditions that should

be ensured. Firstly, the magnetizing inductance, Lm, of the

transformer must be relatively high compared to the reso-

nant inductance, Lr, so that the resonance frequency of Lm
and Cr are very low compared to resonance frequency of

PRC, w0. In this case, it can be assumed that almost no

current is drawn by Lm at the operation frequency of PRC.

Secondly, the leakage inductances, Lp and Ls, must be very

small compared to Lr. However, it might be an impossible

task to achieve a transformer design with high magnetizing

inductance and very low leakage inductances. Therefore, it

is probable that the operation of the PRC is influenced in

this configuration, where the converter would actually act

more like an LLC resonant converter.

For the facts mentioned above, it is proposed to connect

the resonant tank to the secondary side of the transformer,

as shown in Fig. 10. In this arrangement, the magnetizing

inductance is again required to be relatively high so that it

draws a minimum amount of current. Therefore, it can be

assumed that all the current flowing through the leakage

inductances is also flowing through the resonant inductor.

Consequently, the magnetizing inductance can be neglec-

ted. With this assumption, it can be seen that the leakage

inductances are connected in series with the resonant

inductance and the output rectifier of the PRC is driven by

the resonant capacitor voltage. This case is much more

similar to the ideal case, when compared to the configu-

ration given in Fig. 9. In fact, when the leakage and res-

onant inductance considered to act as a single inductor, the

equivalent circuit is now same as the ideal case. Thus, the

resonant tank is expected to operate in the same manner

with the ideal case. Moreover, it can be seen that the

leakage inductances also contribute to the resonant induc-

tance. Consequently, the total value of the resonant

inductance referred to the secondary side becomes:

L
00

r ¼ n2Lp þ Ls þ Lr ð32Þ

It is also worth mentioning that the peak component

stresses, given in (24) to (31), are now changed. The

voltage values should be multiplied by n, whereas the

current values should be divided by n.

4 Experimental verification

The principles of the proposed method are verified using

two prototypes. While the first prototype does not involve a

high frequency transformer, the second prototype is built to

verify that the PRC with an high frequency transformer

also operates in the same manner. Two prototypes, shown

in Fig. 11, use the same circuitry with the exception of the

resonant tank and transformer. Both setups aim to charge a

12 V – 7 A battery module, Yuasa NP7-12 lead-acid bat-

tery. Using the datasheets, the Imax and Vmax values are

determined to be 1.75 A and 14.7 V. According to the

datasheet, the charging is completed when the current

drops down to 0.5 A during CV phase.

It should be noted that, due to the parasitic resistances in

the circuit, the output characteristics curves in Fig. 7 might

be slightly deformed [36]. In this case, the curve at half

resonance might not be a vertically straight line anymore.

As the output current decreases, the voltage drops on the

parasitic resistances decrease and consequently the output

voltage slightly increases. Thus, the output voltage in the

CV charging mode slightly increases as the power deliv-

ered to the battery decreases. Therefore, a transition volt-

age from CC to CV phase, Vtransition\Vmax, should be

chosen considering the effects mentioned above. For the

experimental setups Vtransition is chosen to be 14 V.

The PRC is built by using half-bridge topology. A

digital controller is used for producing PWM and detecting

battery voltage to shift frequency from resonance fre-

quency, to half-resonance frequency. Only using two PWM

Lr

Lr Lp Ls

Cr

Cr Lm

Vr

Vr

+

+

−

−

1: n

Fig. 9 Effect of transformer when resonant tank is connected to

primary side

=n2

+

−

1: n Lr

CrVr

LsLp Lp Lr

CrLmVr

+

−

= +n2Lr Lp Ls+Lr

Fig. 10 Effect of transformer when resonant tank is connected to

secondary side
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pins and a single ADC pin are enough for this proposed

method. The battery voltage is measured by linear opto-

coupler in order to separate power ground and the

controller.

The resonant inductance is wound by twisted litz wire.

Therefore, eddy current effects such as the proximity effect

and skin effect are minimized [37]. This inductance and the

resonance capacitor have high ac voltage rating, low ESR

and high dV/dt tolerance. The value of filter inductance is

0.8 mH, which is designed for half-resonance frequency.

Thus, the size and losses of filter inductance might be

relatively high. The design parameters of the experimental

setups are calculated and shown in Table 3.

4.1 First experimental setup

The first setup does not involve a transformer for the

sake of simplicity. Thus, it is considered that n ¼ 1 and the

input voltage is adjusted to be able to supply the desired

output voltage. In spite of this fact, the idea is the same and

the proposed technique can be confirmed.

Imax and Vmax were previously chosen from battery data-

sheet. Considering the voltage drops on the diodes (2 �
0.74 V) and parasitic resistances (not much effective in this

setup), Vmax is increased to be 16.2 V in order to ensure the

maximum output of the converter to be 14.7 V.

The results for this setup are presented graphically in

Fig. 12. It is observed that PRC operated very well in the

CC charging mode, as the output current is accurately fixed

to 1.75 A. In the CV charging phase, the output voltage

value is increased from Vtransition =14 V to Vmax =14.65 V

while the output current decreased as predicted. The effi-

ciency varies from 86% to 93%. The total charge trans-

ferred to the battery is nearly 4.95 A. The waveforms of

resonant tank elements are presented in Fig. 13. The

charger mainly stays within the CCM boundaries at CC

mode, whereas it operates within the DCM boundaries at

CV mode.

DC
supply

Half-bridge parallel
resonant converter

Digital controller

Battery
Battery
voltage

Battery
current

Resonant
capacitor

A

Resonant
inductor

V

)(VCr
voltage)(iLr

current

Fig. 11 Schematic of experimental setup
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Fig. 12 Results for first experimental setup

Table 3 Predetermined and calculated design parameters of experimental setups

Parameters Value

First setup Second setup

n (Predetermined) n = 1 (no trans.) n = 40/45

Vmax (Predetermined) 16.2 V 16.45 V

Imax (Predetermined) 1.75 A 1.80 A

Vg ¼ 2Vmax

n (17) 32.4 V 37 V

R0 ¼ nVg

2Imax
(21) 9.25 9.14

Cr (Chosen) 444.7 nF 444.7 nF

f0 ¼ 1
2pR0C

00
r

(22) 38.66 kHz 39.18 kHz

L
00

r ¼ C
00

r R
2
0 (23) 38.1 lH 37.1 lH

Lr Lr ¼ L
00
r=n

2 ¼ 38:1lH Lr ¼ L
00
r � n2Lp � Ls ¼ 27lH
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The soft switching feature of the PRC can be observed

in Fig. 14, where the drain-to-source voltage of the

MOSFET and current of the resonant inductor illustrated.

As it can be seen, while ZVS turn-on can be observed in

both CC and CV charging modes, ZCS turn-off can be

observed in later phases of CV charging mode as the output

current decreases. Lastly, the output waveforms of the

circuit during the transition from CC to CV mode are

presented in Fig. 14d, where the CH2 signal denotes the

time that the switching frequency is changed from reso-

nance frequency, x0, to half resonance frequency x0=2. As

shown in Fig. 14d, a very smooth transition from CC to CV

charging is achieved.

The most of the losses are caused by the diodes of the

output rectifier. As an LC filter is employed at the output,

the diodes are always conducting. Moreover, the voltage

drops on the diodes are constant and they are significant in

applications with low voltage output. Thus, although the

efficiency values are good, they can improve remarkably if

the uncontrolled output rectifier is replaced by a syn-

chronous rectifier circuit at the output, especially for low

voltage applications.

As it can be seen from the results, the voltage in CV

phase slightly increased, as the quality factor Q ¼ R=R0

rapidly changes. This is due to parasitic resistance in the

circuit, which are mostly caused by inductances (resonant

inductance and filter inductance). However, despite the fact

that charging voltage increased in CV phase, the charger

was able to gradually decrease the charging current as

required.
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4.2 Second experimental setup with transformer

For the DC-DC converters, high frequency transformers

are of major importance since they ensure isolation and

ability to change voltage and current levels. The second

prototype is built in order to confirm whether the PRC

exhibits same characteristics when a high frequency

transformer is included.

The second experimental setup is presented in two

versions. In the first version, no feedback controller is

implemented. On the other hand, the second version

includes a feedback controller with hysteresis control

algorithm, which is utilized only in CV charging phase, so

that a more strict CV phase can be achieved.

For this setup a transformer with a turns ratio of n ¼
40=45 is wound. The transformer has the following

parameters; Lp ¼ 6:38 lH, Ls ¼ 5:12 lH and

Lm ¼ 266 lH. Considering the additional voltage drops

across parasitic resistances of transformer (nearly 0.3 X)
will cause the output values to decrease, Vmax is increased

to 16.45 V and Imax is chosen to be 1.80 A due to fact that

these resistances cause a decrease of the output current.

Since a transformer with a predetermined turns ratio is

utilized, the input voltage of the PRC is adjusted according

to (17). Using the predetermined values the design

parameters are calculated as in Table 3.

4.2.1 Open loop operation

The results of this test are illustrated in Fig. 15. It can be

seen that PRC operated again very well in the CC charging

mode, as the output current is accurately fixed to 1.74 A.

However, in the CV charging phase, the output voltage

value is increased from Vtransition ¼ 14 V to

Vmax ¼ 14:73 V. Despite this fact, the circuit was able to

decrease the output current as predicted. The efficiency

varies between 78% and 88%. The charger mainly stays

within the CCM boundaries at CC mode, whereas it mainly

operates within the DCM boundaries at CV mode, as seen

in Fig 16. The total charge transferred to the battery is

nearly 4.55 A.

The reason for the less efficiency values are due to the

losses in the transformer. The calculated resistance of the

transformer are considerably high. It is observed that the

transformer caused a nearly 8% drop in the efficiency. The

PRC in the second experiment also have more voltage

increase in CV phase. This is again caused by the extra

parasitic resistances introduced to the circuit by the trans-

former. In spite of that, the charger again achieved to

decrease the charging current. For ensuring isolation with

higher efficiency values, the operating frequency should be

increased. This will decrease the sizes of the inductors,

capacitors and transformer, which will also reduce the

resistances introduced by these elements. Thus, the PRC

can operate closer to the ideal characteristics at higher

switching frequencies (also valid for the first setup as well).

4.2.2 Utilizing controller for CV charging phase

In the previous setups it has been demonstrated that the

proposed battery charger does not need any controller at

CC charging phase, as the current supplied at resonance

frequency remained constant. On the other hand, there is a

voltage increase in CV charging phase, as explained pre-

viously. Although the converter does not exceed the pre-

defined maximum charging voltage, a more strict CV

charging phase might be required for some applications.

Thus, it is aimed to represent such a case by incorporating a

controller to adjust the switching frequency of the con-

verter to near half resonance frequency in order to supply a

constant charging voltage in CV phase. For this purpose, a

hysteresis control algorithm is implemented while the rest

of the experimental setup remains the same. For this case, a

transition voltage is not necessary, so that the transition

from CC to CV phase will occur when the battery voltage

is equal to 14.7 V. Afterwards, the implemented algorithm

will keep the voltage around 14.7 V for the rest of the CV

charging period. The results are shown at Fig. 17. The total

charge transferred to the battery is nearly 4.49 A.

The results show that the controller was able to achieve

a constant voltage output at CV charging phase by

adjusting the switching frequency from 22.434 kHz to

20.192 kHz. The regulation of the switching frequency is

nearly 2.25% of the resonance frequency, which is quite

small.
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5 Conclusion

In this study, a simple design and control approach for

CC-CV charging application of PRC was presented. The

PRC was operated at two different frequencies, which are

F ¼ 1:0 and F ¼ 0:5, as CCS and CVS, respectively. Thus,

the need for closed-loop controllers with the purpose of

output current and voltage regulation were eliminated. The

electrical design of the charger and implementation pro-

cedure were simplified. The output filter design was also

simplified due to the constant frequency operation. Sharp

changes of switching frequency, which is claimed to

decrease the overall efficiency, are avoided. The number of

required components and related costs were decreased.

What is more, the operation of the PRC at half resonance

frequency inherently constitutes an output voltage limita-

tion at no load condition. Furthermore, the poor perfor-

mance of the PRC in CV charging phase, as claimed by the

study [18], was also avoided by operating the PRC at half

resonance frequency, in DCM.

The performance of the proposed circuit is evaluated

with two experimental setups. It is shown that the designed

prototypes operate at reasonably good efficiency values:

the first setup achieves efficiency values between 86% and

93%, while the efficiency values of the second setup are

found to be in the range of 78%-88%. Moreover, it is also

shown in Fig. 14d that the transition from CC to CV

charging do not result in any kind of oscillations.
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The results approve the validity of the proposed method,

as the designed chargers are able to operate without closed

loop controllers for a wide range of load values in both CC

and CV charging phases. The designed chargers are able to

supply a constant current output, which are well fixed to

nearly 1.75 A. It is shown that high parasitic resistances in

the circuit affects the performance especially in CV phase,

where a nearly 0.7 V increase is observed. Despite this fact,

the proposed charger is able to reduce the charging current

to 0.5 A in CV phase, as desired.

Although the results are quite good, an experimental

setup with a controller at CV phase is also presented for

comparison with open-loop operation. In this setup it is

shown that the converter is able to assure a constant output

voltage with a little amount of frequency adjustment,

which corresponds to a change of nearly 2.25% of the

resonance frequency.

On the other hand, precautions must be taken in the

design process, since the proposed charger requires input

voltage stability for achieving constant voltage/current

output, when no controller is employed. Moreover, the

values of resonant tank elements, Lr and Cr, have a direct

effect on the output current value in CC phase. Addition-

ally, the voltage increase in CV phase is caused by the

parasitic resistances in the circuit. The CV tracking per-

formance of the circuit can be improved by increasing the

resonance frequency of the converter for decreasing the

sizes of magnetic elements and their parasitic

resistances.

The major loss mechanism of the presented low voltage

output experiments are caused by the voltage drops on the

rectifier diodes. This is due to fact that the diode voltage

drops are relatively large in low voltage output charger

circuit. Thus, employing a synchronous rectifier circuit at

the output would increase the overall efficiency. In contrast

to low voltage chargers, the diode voltage drops are not a

big concern for high voltage charger applications, where

the efficiency of the proposed charger circuit is expected to

increase dramatically.
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