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Abstract—A load-independent constant current (CC) - constant
voltage (CV) output is an important requirement of inductive
power transfer (IPT) systems for electric vehicle charging ap-
plications. Zero phase angle (ZPA) is also a desirable feature,
to ensure a lower power rating requirement for the switching
converter. CC and CV output along with ZPA can be achieved by
using a suitable compensation topology. Equation manipulation
techniques can be used for designing the compensation topology.
But, it can be mathematically intensive especially for higher
order topologies. To overcome this problem, resonant-tank based
approaches are adopted in several works to achieve CC and CV
conditions. However, equation-based approaches are depended
upon either wholly or partly for realizing ZPA. This approach
can be tedious and lacks physical insight. The proposed method
extends resonant tank approach to achieve ZPA also, besides
CC and CV. The need for a separate method to achieve ZPA is
eliminated. Further, it simplifies the process in arriving at the
constraints that ensure ZPA. As a sample validation, the proposed
method is applied to a S-SP compensation topology. The CC-ZPA
and CV-ZPA constraints for the S-SP topology are shown to be
in line with the ones arrived at using an existing equation-based
impedance approach. The simplicity of the proposed method can
be observed from the sample validation.

Index Terms—inductive power transfer (IPT), compensation
network, constant current (CC), constant voltage (CV), zero
phase angle (ZPA)

I. INTRODUCTION

Static wireless inductive power transfer (IPT) for electric

vehicle (EV) charging has several advantages compared to

plug-in charging in terms of better safety, lesser maintenance

requirement, etc. EVs generally use Li-ion batteries due to

their high power densities. Constant current (CC)- constant

voltage (CV) charging is the suitable charging method for Li-

ion. Further, zero phase angle (ZPA) is desirable to ensure a

lower power rating requirement for the switching converter.

Some of the compensation topologies can be operated at two

different frequencies to achieve CC and CV outputs along with

ZPA in both modes. Different methods have been proposed for

identifying the constraints to achieve CC and CV along with

ZPA [1], [4]–[6].

A. A brief survey of CC-CV and ZPA methods

CC-CV output can be achieved using passive resonant

networks. [1] discusses that a T, reversed-L, normal-L and π
network can be used to achieve voltage-voltage (V-V), voltage-

current (V-C), current-voltage (C-V) and current-current (C-

C) conversions respectively by satisfying certain resonant

conditions as given in Fig. 1. A compensation topology can

be regarded as a cascade of these four basic resonant networks

in order to understand its CC-CV functionality.

Fig. 1. Basic resonant tanks and their properties [1]

Further, [4] points out that even a T- network and a pi-

network can be regarded as a combination of normal L-

network and reversed L-network. Thus the entire compensation

circuit can be disintegrated into normal and reversed L-

networks cascaded alternatively as in Fig. 2 . A V-V con-

version and a C-C conversion will require an even number of

such L-networks, and a V-C conversion and a C-V conversion

will require an odd number of L-networks.

Fig. 2. Unified model for an arbitrary compensation topology [4]

Each L-network, normal or reversed, adds a phase of ±90◦

between corresponding output and input quantities (Fig. 1).
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Since a V-V conversion requires an even number of resonant

L-networks cascaded together, the output voltage (Vo) will

always be shifted by a phase of 0◦ or 180◦ with respect to the

input voltage (Vin). Similarly in a C-C conversion, the output

and input currents are always displaced by 0◦ or 180◦. In C-

V and V-C conversions, the corresponding output and input

quantities are always phase displaced by ±90◦ since an odd

number of L-networks is used.

For achieving ZPA, different methods are proposed by

references [1], [4], [5]. Reference [1] discusses that ZPA

can be achieved by making the imaginary part of the input

impedance (Zin) zero. This condition, Im(Zin) = 0, can

be solved mathematically for any topology but it becomes

tedious for higher order topologies. Reference [4] proposes

a general mathematical equation to achieve ZPA which works

for any topology. The advantage of this method is that the

impedances can be directly plugged in instead of deriving the

condition from the first principles for every topology. However

the equation is still complicated, especially for higher order

topologies. Reference [5] proposes the use of a T-network with

their impedances satisfying a certain condition such that the

input impedance becomes purely resistive. A compensation

topology can be seen as a cascade of such T-networks. This

greatly reduces the computational effort required to solve a

complicated mathematical equation. However, this method of

achieving ZPA can be applied for only one mode, either

CC or CV mode and the ZPA condition for the other mode

has to be mathematically derived. Reference [6] models the

topology using gyrators to achieve CC-CV functionality and

qualitatively comments on the sign of the input phase angle.

In the proposed approach the ZPA condition is obtained by

applying the resonant tank methods of [1], [4] which were

till now used only to achieve CC-CV. Thus ZPA and CC-CV

conditions can be seen from the same perspective and the need

for a separate method to obtain ZPA is eliminated. Further,

the proposed approach simplifies the process of arriving at

the condition for ZPA. The equations that ensure ZPA can be

written from the fundamental equations listed in Fig. 1.

II. PRINCIPLE OF ACHIEVING ZPA

An input voltage source requires a compensation topology

with V-V conversion to achieve a CV mode. As pointed out in

Section-I the phase of output voltage (Vo) and input voltage

(Vin) will be displaced by 0◦/180◦ (Fig. 1).

∠Vo − ∠Vin = 0◦/180◦ (1)

Now, if the compensation topology is designed to achieve C-

C conversion along with V-V conversion, the phase of output

current(Io) and the input current(Iin) will also be displaced

by 0◦/180◦ (Fig. 1).

∠Io − ∠Iin = 0◦/180◦ (2)

Then, we have either

∠Vin − ∠Iin = ∠Vo − ∠Io

θin = θout (3)

or

∠Vin − ∠Iin = (∠Vo − ∠Io)± 180o

θin = θout ± 180o (4)

The output port of the compensation topology which

consists of a rectifier, a filter and the load can be modelled

as an equivalent ac resistance Rac [5]. The load being an

equivalent resistance Rac, θout will be 0o. If (3) is true, it

would mean that power is being supplied to both the input

and the output by the compensation network, which is not

possible since the compensation network is just a combination

of passive elements. This power flow constraint requires (3)

to be true and not (4). So, θin = θout = 0o and ZPA is

achieved.

Similarly in CC mode, if we ensure not only V-C conversion

but also C-V conversion, θin is equal to −θout and ZPA can

be achieved along with CC.

∠Io − ∠Vin = ±90◦ (V-C conversion) (5)

∠Vo − ∠Iin = ±90◦ (C-V conversion) (6)

∠Vin − ∠Iin = −(∠Vo − ∠Io) , or

θin = −θout (7)

III. SAMPLE ILLUSTRATION OF PROPOSED APPROACH

The proposed method for arriving at ZPA conditions is

illustrated using a series – series parallel (S-SP) topology

in this section. A S-SP topology has a series compensation

capacitor (Cp) in the primary side, and a series capacitor (Css)

and a parallel capacitor (Csp) in the secondary side as shown in

Fig 3(a). Llp, Lls, and LM denote the primary and secondary

leakage inductances and the magnetizing inductance of the

wireless power transfer coil. The topology can be represented

as in Fig 3(a) with impedances Z1 to Z4 listed in (8) to (11).

Let wcc and wcv denote the CC mode and CV mode resonant

frequencies. Let jXk represent the impedances Zk(jwcc) in

CC mode and jX
′

k represent the impedances Zk(jwcv) in CV

mode as shown in (12) and (13).

Z1(ω) = j

(

ωLlp −
1

ωCp

)

(8)

Z2(ω) = j(ωLM ) (9)

Z3(ω) = j

(

ωLls −
1

ωCss

)

(10)

Z4(ω) = j

(

−
1

ωCsp

)

(11)

Zk(ωcc) = jXk, k = 1, 2, 3, 4 (12)

Zk(ωcv) = jX
′

k, k = 1, 2, 3, 4 (13)

In Fig. 3, the elements that need to be resonated to achieve

CC/CV and the corresponding ZPA condition are shown in

red and blue boxes respectively.



Fig. 3. A S-SP topology and its resonant conditions in CC and CV modes.
Red boxes indicate elements to be resonated for achieving CC or CV and
blue boxes indicate the ones to be resonated for ZPA.

A. Conditions in CC mode

The CC mode can be obtained by resonating the components

inside the red box in Fig. 3(b). From Fig. 1, the required res-

onant condition is (14). This can be understood by redrawing

the circuit as shown in Fig. 4. The redrawn circuit is equivalent

to Fig. 3(b) and can be viewed as a cascaded combination of

a V-V conversion and V-C conversion. The V-C conversion

does not depend on the value of X4 since any value of X4

will satisfy the resonant condition for a reversed L-network

given in Fig. 1.

Fig. 4. Derivation of constant current mode resonant condition for S-SP
topology

For ZPA condition, along with V-C (CC operation), C-V

conversion is also required. Now, in order to achieve C-V

conversion, the normal L-network consisting X2 and X3 can

be resonated as (15).

CC :
X1X2

X1 +X2

+ (X3 +X4) = 0 (14)

ZPACC : X2 +X3 = 0 (15)

B. Conditions in CV mode

The CV mode can be obtained by resonating the T-network

in Fig. 3 consisting Z1, Z2, Z3 by ensuring the resonant condi-

tion (16). For ZPA condition a C-C conversion is required. This

can be done by resonating the π-network in Fig. 3 consisting

Z2, Z3, Z4 by ensuring (17).

CV :
X

′

1
X

′

2

X
′

1
+X

′

2

+X
′

3
= 0 (16)

ZPACV : X
′

2
+X

′

3
+X

′

4
= 0 (17)

IV. EQUIVALENCE TO IMPEDANCE APPROACH

The equation based approaches in literature [2]–[4] typically

equate the imaginary part of the input impedance of the

compensation network to zero to arrive at the ZPA condition.

This section compares the CC/CV and ZPA conditions derived

in Section III for a S-SP topology to an existing impedance

approach [4] to show its equivalence. In [4], called the unified

model, the impedances are transformed as shown in Fig. 5

where the transformed impedances are given by (18), (19) and

(20). wcc and wcv denote the CC mode and CV mode resonant

frequencies.

X2aX2b

X2a +X2b

= X2 = ωccLM (18)

X3a +X3b = X3 = (ωccLls −
1

ωccCss

) (19)

X
′

2aX
′

2b

X
′

2a +X
′

2b

= X
′

2
= ωcvLM (20)

Fig. 5. The unified model of S-SP topology used in [4]



The resonance condition derived in [4] for CC output, ZPA

at CC mode, CV output and ZPA at CV mode are given by :

CC : X1 = −X2a, X2b = −X3a, X3b = −X4 , (21)

ZPACC :X2bX3a + (X2a +X2b)X3b = 0 , (22)

CV : X
′

1
= −X

′

2a, X
′

2b = −X
′

3
, (23)

ZPACV :X
′

2bX
′

3
+
(

X
′

2a +X
′

2b

)

X
′

4
= 0 . (24)

A. Verification in CC mode

In CC mode, using (19) and (21), the variables X2a, X2b,

X3a, X3b can be written as:

X2a = −X1, X2b = −(X3 +X4),

X3a = X3 +X4, X3b = −X4 . (25)

Substituting the above equation (25) in (18) we get,

X2 =
(−X1)(−X3 −X4)

−X1 −X3 −X4

Rearranging, we get (26), which is same as the CC resonant

condition obtained in (14).

X1X2

X1 +X2

+ (X3 +X4) = 0 (26)

Adding X2a(X3a + X2b) to (22) and rearranging, we get

(27). This does not alter the equation since X3a+X2b is zero

from (21).

X2a.X2b + (X3a +X3b).(X2a +X2b) = 0 (27)

Dividing by (X2a + X2b), we get (28) which is the same

as the ZPA condition (15).

X2 +X3 = 0 (28)

B. Verification in CV mode

Similarly in CV mode, using (23), the transformed variables

X
′

2a and X
′

2b can be written as

X
′

2a = −X
′

1
, and X

′

2b = −X
′

3
. (29)

Substituting the above equation in the expression for X
′

2
in

(20) and rearranging, we can get the same expression as (16)

for the CV resonant condition.

Adding X
′

2a(X
′

3
+ X

′

2b) to (24) and rearranging, we get

(30). This does not alter the equation since (X
′

3
+ X

′

2b) is

zero, from (23). Dividing (30) by (X
′

2a + X
′

2b), we get the

ZPA condition which is the same as (17).

X
′

2a.X
′

2b +
(

X
′

3
+X

′

4

)

.
(

X
′

2a +X
′

2b

)

= 0 (30)

Thus, the conditions derived in this work is in agreement

with the results obtained through equation based impedance

approach outlined in [4]. This is expected to be true for other

impedance based methods available in literature as well since

the angle between the input voltage and current being zero

in the proposed approach is equivalent to an input impedance

that is resistive.

V. CONCLUSION

In this paper a method to achieve ZPA condition using

resonant tanks is presented. Thus CC-CV and ZPA conditions

can be seen from the same lens and the need of two separate

methods is eliminated. Further, the proposed approach largely

simplifies the otherwise complicated equations required to

arrive at the ZPA condition. The proposed method is applied

for a S-SP compensation topology and the results are verified

to be same as the results of [4].
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