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Abstract: A novel LC-LC? compensated resonant converter topology with high efficiency and good
controllable voltage gain is presented in this paper. An additional receiving side inductor working
together with the receiving coil has the contribution to work with a large range of air gap distance.
Due to this property, proposed compensation technique is effective for IPT based EV charging
application. Voltage gain with independent of load and input impedance having ZPA of the proposed
resonant converter are observed by the frequency domain analysis. On the other hand, time domain
analysis gives the circuit operation. A 500 W LC-LC? compensated resonant converter prototype is built
to testify the theoretical analysis. To observe the efficiency-comparison, an S-SP compensated resonant
converter with a similar amount of output power under different air gap is also presented. In order
to justify the effectiveness, the proposed compensation method is verified by the laboratory results.
The highest efficiency of the proposed compensated resonant converter is 93% with output power of
500 W at 140-mm air gap between the two sides of the IPT (inductive power transfer) transformer.

Keywords: load independent voltage gain; zero phase angle (ZPA); resonant converter; inductive
power transfer (IPT)

1. Introduction

Technology of inductive power transfer (IPT) delivers power to the utility load via magnetic coupling,
is more suitable and versatile energy transfer method in comparison with traditional methods. Due to
the low maintenance cost and highly reliable operation, IPT system is more popular for a large area
of applications including battery charging of electric vehicles [1-4], home appliances [5], biomedical
treatments [6,7] and other areas associated with industries [8]. IPT technology normally handles a large
variation of loading and magnetic coupling coefficient. In order to achieve maximum efficiency and
enhanced controllable output, researcher’s works have been observed on the basis of wide variation of
IPT parameters [3,9-18].

The ruling parameters that affect the efficiency and controllability of output power are: coupling
factor and misalignment tolerance. In order to obtain high coupling factor and misalignment tolerance,
most of the researchers have focused on the optimization of IPT-parameters [9,19,20]. Another key
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factor that affects the efficiency and output power controllability of IPT system is the compensation
network. Various types of compensation networks by the aid of control technique have been presented
and explained in details [16-18,21-27]. Four conventional compensation techniques that are widely
used named as S-S (series-series), S-P (series-parallel), P-S (parallel-series), and P-P (parallel-parallel).
Among four compensation techniques, P-S and P-P compensated IPT systems are free from danger for
the source if the pick-up coil is not present. But these compensation techniques are not suitable to transfer
the rated power in case of misalignment condition, as resonant capacitor value strongly depends on the
magnetic coupling coefficient and the output load [12]. Consequently, S-S and S-P topologies are widely
used in many applications like [10,11,25]. The efficiency of the S-S compensated converter is high when
self-inductances of the transmitter and receiver are tuned [10]. Comparison between self-inductance
compensation and leakage inductance compensation of S-S topology is presented in [7,25]. However,
self-inductance tuned by the S-S5 compensation presents output voltage which is very sensitive to the
output load changes [10]. In order to improve the sensitivity of the output voltage under wide load
variation, S-S compensated converter is designed to operate around the frequency of load independent
voltage gain [7,25]. On the other hand, input impedance having ZPA is not maintained at a frequency
of voltage gain where load is independent. Therefore, efficiency may be lower because of circulating
current. In [10], a tradeoff between output voltage controllability and efficiency of the S-S topology is
presented. Moreover, the problem still exists as tuning of compensating capacitors is not easy to obtain.
Since, S-P compensation provides input impedance with ZPA at a frequency of load independent voltage
gain [16]; this technique is suitable for high power applications like [26]. Furthermore, S-P compensation
is not effective for a wide range of coupling coefficient and misalignment as load independent voltage
gain is inversely related to the coupling coefficient [18]. To maintain a unique output power under
the changes of coupling, SP-S compensation network was presented in [17]. There is a large number
of research works based on LCL compensation [13-15,28]. In [28], a series-parallel LCL tuned unity
pick up was presented, that provides uninterrupted power though it reflects reactive power to the
source [29]. Another compensation topology with high efficiency named LCC was used in the areas of
EV (electric vehicle) charging [23,27]. Here, load independent voltage gain under coupling changes is
very much difficult to obtain because of self-coupling between the compensation inductor and main coil.
At a frequency of load independent voltage gain, input impedance with ZPA and high power transfer
efficiency can be obtained in S-SP compensated resonant converter [18]. Higher-order harmonics are
the main limitation of this compensation technique, injected into the rectifier network. These higher
order harmonics create the problems for filter design.

A novel LC-LC? compensation network for IPT system is proposed in this paper which provides
input impedance with ZPA and high efficiency at a frequency of load independent voltage gain like S-SP
compensated resonant converter. Here, an additional receiving side inductor working parallel to the
magnetizing inductance has the great contribution to work under a large range of air gap distance. Because,
the parallel effect of additional inductor and magnetizing inductance minimizes the air gap variation effect.

This paper is presented as like: Proposed LC-LC? compensation is introduced by Section 2. Section 3
provides the frequency domain analysis of the proposed LC-LC? compensation based resonant converter.
Section 4 presents time domain analysis of the proposed LC-LC? compensation based resonant converter.
Section 5 represents the analysis of the experimental results. Finally, Section 6 is summarized.

2. Proposed LC-LC? Compensation

Analysis of input impedance with ZPA and voltage gain at a frequency where load is independent
is described in this section. In this case, T-model for IPT transformer having turn ratio 1: n is chosen.
In the T-model, L;; and Lj; depict the leakage inductances of the transmitter and receiver coil of IPT
transformer respectively whereas Ly is the magnetizing inductance. In case of S-SP compensated
resonant converter, Ref. [18] capacitor Cp, for compensating Ly is introduced to the S-S compensated
resonant converter. Although input impedance with ZPA and voltage gain with load independent
are obtained, higher order harmonics are injected to the rectifier network. To minimize the air gap
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variation effect as well as the effect of higher order harmonics, an inductor Ly, parallel with Ly is
launched to the S-SP compensated resonant converter. In this case, the equivalent parallel inductance
of n?Lys and Ly, are compensated by Cp,. This equivalent inductance is expressed as,

nzLMsz

TIZLM + sz (1)

Lyg =1Ly || Lpp =
For a resonant frequency, a variation of the air gap (i.e., mutual inductance changes) does not
affect the load independent voltage gain and the efficiency so much, because of the parallel effect of
Lg, with Lyy. This is observed in Figures 6 and 8.
The equivalent circuit of the LC-LC? compensation network by the help of T-model is depicted
in Figure 1. If above equivalent inductance as well as all leakage inductances of the proposed IPT
transformer are compensated at a time,

1 1 1

VInG VLG \/LMfoz

Wy

where the resonant frequency is wy. Lj1, Lz and Lyyr are compensated by Cy, C; and Cp, respectively.

It can be observed that at the resonant frequency, the output voltage gain of this resonant
converter is independent of load and coupling coefficient changes. Also, ZPA of the input impedance
is maintained under the full compensation condition.

C; Ly L:n Ln C,

YW\ —tYY\

11 ]
} | " ¥

V4B LM§ §H§ = 3Lp §RE Vol

Figure 1. Equivalent circuit of the LC-LC? compensation network.

o

3. LC-LC? Compensated Resonant Converter Using Frequency Domain Analysis

In this section, voltage gain with load independence as well as input impedance with ZPA of
the proposed LC-LC? compensated resonant converter have been explained in brief. The proposed
LC-LC? compensated resonant converter is shown in Figure 2.
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Figure 2. Proposed LC-LC? compensated resonant converter.
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Here, high frequency inverter is operated by the input dc supply of V; whereas, V| is the voltage
across the battery having resistance Ry. Ly and Cy are used for filtering purpose in order to get pure dc
after the high frequency rectifier.

By the help of Kirchhoff’s voltage law, fundamental components of Vi, Vap and V,;, can be
expressed as,

~jats JI(iwLe)ll
ol | zz+(—;wcﬁn)2|RE|(]waz) .
(—iats) I Re Il (jwso)
2o+ (—izt) I Re |l (jeoLp2)

Vﬂb = nVLM

4)

where Rg = (%) R = equivalent ac load resistance across the high frequency rectifier side, Z; =
j(lel — %q) and Z; = j(lez — wicz)

By the aid of Fourier analysis, the fundamental component of V 4p can be depicted as

4V;
Vap = -1
aB=— ®)

Due to Lp, majority portion of higher-order harmonics those are tending to inject into the rectifier,
can be eliminated. In later, experimental results of LC-LC? compensated resonant converter will

compare the efficiency with the results of S-SP compensated resonant converter. Furthermore, V,;, can
be regarded as a sine wave. Therefore, the simplified voltage across the battery can be written as,

s
1 s . 2
Vo= p / Vab(smwt)dwt = po b 6)
0

From Equations (3)~(6), voltage gain of the LC-LC? compensated resonant converter can be represented as,

2V,
. @)
Tz Zp+n2Z )jwLpg+24 2
e [(72+ ZEA)/I/ Ly+212,] (m2Ly+Lp) (Zﬁ/‘ﬁﬂ) (wZL;lszz - w3L;12i2fzzn2 + wZLMZLZfZZnZ + szMzzlsznz ) +/w3LMf?EC1C2
where Z3 = j(wLMf - %ﬁ) and
Lt =Ln+Lum ®)
Lr = Lp+n’Ly )
6 = W*C1Ca WLy~ LrLy ) + @(LrCy + LrCa) — 1 (10)
Equation (10) can be expressed as,
5 = w?CiCy [zlzz +jwLy (zz T nzzl)} (11)
From (7), it is observed that voltage gain is not dependent of the load when J = 0.
Using 0 = 0, frequencies at load independent voltage gain are:
wr? + wg? — \/(OJTZ + CUR2)2 —4(1—- kz)szsz
w, = (12)

21— 12)



Energies 2018, 11, 2883 5o0f 14

wr? + wr? + \/(sz + wR2)2 — 4(1 — kz)szsz

wy = (13)
2(1—k2)
where wr = —L— and wg = .
L1Cy VLRC, .
Voltage gain for the above frequencies can be expressed as,
Gv(wL) =
8 n
=z 14)
72| Cpo[(2p41227 ) jwp Lig+21 2] (
(L2472 JjwpLy+21 25| ) . 7 > 7125 Z, Z
T+ Lm (n LM+Lf2) <Z3+] WLsz> wp2LyLp? ]wL3LM2Lf22v12 w 2Ly Lpp%n? +wL2LM2Lf2n2
Gy (wp) =
8 n
8 15)
72| Cpol(2o+n22y)jwpLag+21 2] 7 (
f2l(Zotn®Zy Jjogly+2125) 5 S 7 . 217, Z 7
1+ Lm (H LM+Lf2)(Z3+]wHCf2) szLMLfZZ ](UH3LM2Lf2Zn2 szLMLf22n2+wH2LM2Lf2nZ

However, frequency at load independent voltage gain is w,. To obtain a fixed voltage gain at w;,
the subsequent equation should be fulfilled:

Cr[(Zy 41221 jwr Ly +7:1 Z . .
fz[( 2 1)] rLm+2Z1 2] _ ( 2 )( 1 ) Z . 7125
LM n LM + sz Z3 + ]wrCfZ a},zLMszz ]w,3LM2Lf22n2 + (16)
Zy Zy ) _
wrzLMszznz (UyZLMZszﬂz

By putting Z; = j(lel - %q),Zz = j(lez - %Q)f Z3 = j(wLMf - %ﬂ) and ¢ = 0 into
(16), gives

sz[(Zz+nzzi])V]I'w,LM+zlzz] _ (nZLM + sz) (Zs +]'w,}:f2) (w,zLZNlIszz *fwysLi]zZLizznz )
w,ZLAfiﬂznZ T w,ZLj%szrﬂ) - w,zé'lcz - % (i;z,lLr;zz + w,ZZLlAZfoZ +jwrZL2f2 +jwrZ£M) =0
Therefore, Z1 = Z; = 0. Substituting Z; = Z; = 0 into (11), we get
5 = w?2CiCy [lez + jewr L (Z2 n nzzl)} —0 (18)

So that, load independent fixed voltage gain with zero effect of coupling factor is obtained when,
Z1=27,=0.
The proposed resonant converter’s input impedance is obtained as,

Zi(w)
jwLnm[jwLss (jwCrZoRg+2Zy+Rg)+Z2RE| (19)
jwn?Ly [jwL g (jwCpoRe+1)+RE | +jwL g (jwC o ZoRe+Zo+RE ) +Z2RE

=7+

Substituting Z; = Z = 0 into (19), yields

jw LML QRE
Zi(wr) = - 10 f (20)
]erlzLMsz + (LfZRE + I’ZZLMRE - a)rZTIZL]QszLMRE)

In order to get ZPA of Z; at w;,, the imaginary part must be equal to zero. The input impedance’s
imaginary part of (20) can be expressed as,

—aJVZLMLfZszREZ (VIZLM + sz) Z3 1)

Im(Zi(wr)] = ,

(a)ﬂ’l2LMLf2)2 + (LfZRE + HZLMRE — w72n2Lf2Cf2LMRE)
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Under the full compensation, (12) and (13) yields,

1

wp = (22)
t \ LTC1 + nZLMCZ
- 23)

YR VTG

Equation (23) follows the Equation (2). Therefore, constant voltage gain and ZPA of input

impedance both can be obtained, under the full compensation (Z; = Z, = Z3 = 0) condition. This is

a desired criterion to get high efficiency and output voltage having good controllability. From (7),
the required voltage gain can be obtained as,

Gv(wr) = o5 (24)

That means with the help of the proposed compensation technique, load independent constant
voltage gain is achievable which is desirable for IPT based EV application.
4. LC-LC? Compensated Resonant Converter Using Time Domain Analysis

To explain the time domain analysis, the following hypotheses are made:

(a) All semiconductor switches and diodes are ideal.

(b) Receiver current, is is almost sinusoidal since proposed converter operates near the resonant frequency:.

Figure 3a—d depicts the equivalent circuits during different periods of operation of the proposed
converter for the operating waveforms shown in Figure 4.
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D,; I i D
a
booT ==
I
D& A Dy

(b) Mode 2 [ti-t2]

Figure 3. Cont.
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Figure 3. Equivalent circuit for switching mode (a) Mode 1 [ty—t1]; (b) Mode 2 [t1—t5]; (c) Mode 3 [t,—t3];
(d) Mode 4 [t3—t4].

Considering the time instant ¢y, diagonal switch pair (S; and S4) of the proposed converter is in
conduction and another diagonal switch pair (S, and S3) is in off mode. At that time V zp is positively
equal to V. Firstly, transmitter current ip passes through the body diodes of S; and Sy, after that S;
and Sy start to conduct with the changing of current direction. Consequently, ZVS is obtained.

Throughout this period, current flowing into Ly can be written as,

i, (1) = % (t - T) (25)

where T is the time period.
Also, receiver current, ig can be obtained as,

o An . 1 1. 1 1
is(t) = ;Vl X {] (waz wa2> + Rp } 51n<wt+tan (waz wa2>RE> (26)

Therefore, transmitter current, ip can be calculated as,

ip(t) =i, (t)+ nig(t)

—Vi(4_Is
Ll &

X {j(a)sz - ﬁﬂ) + R%} sin(a)t +tan~! (wa2 - ﬁﬁ)RE)
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Diagonal switch pair (S; and Sy) is in off mode at f1. So that ip charges the Cg; and Cg4 and
discharges Csp and Cg3. Next, S; and Sy are turned off at zero voltage as Cg; and Cgy limit the rising
voltage rate across the switches. In this case, the direction of ip can be considered as unchanged
because of the short duration of this mode. At time instant ¢;, the voltage across the switches S, and S3
is fully discharged whereas complete charging of the capacitors of S; and S4 occurs from 0 to V;. Then,
to maintain the continuity of ip, D, and Dj3 start to conduct. So V 45 becomes to —V;.

A
St & Sy Sy & S; St & Sy
are on are on are on
0 t
V4B

b
—t ",
Gy 3
—
=

o

Figure 4. Operating waveforms of the proposed LC-LC2 resonant converter.

After the conduction of D; and D3, diagonal switch pair (S, and S3) of the proposed converter is in
conduction with ZVS. Here, V 4p equals to —V;. During this interval, as like to mode 1 current changes
its direction. At first, body diodes of S, and S3 conduct, after that S, and Sj start to conduct with the
changing of current direction. Throughout this period, current flowing into Lys can be written as,

. v 3Ts
Using (26), transmitter current, ip can be calculated as,
: v 3T,
ip(t) = 2 (—t+ )
+nV; (29)

X {j(waz - ﬁﬁ) + R%} sin(wt + tan ! (waz - ﬁﬁ)RE)

Diagonal switch pair (S; and S3) is in off mode with ZVS at 3. At time instant f4, the voltage
across the switches S; and Sy is fully discharged whereas complete charging of the capacitors of S, and
S3 occurs from 0 to V;. Then, to maintain the continuity of ip, D; and Dy start to conduct. Therefore,
ZVS turn on condition occurs for S; and S4. So, V45 becomes to +V;.



Energies 2018, 11, 2883 9of 14

5. Analysis and Experimental Results

The specifications for 500 W LC-LC? compensated resonant converter are as follows: V;, =211V,
Vo =171V, Py =500 W, an air gap of 140 mm. The loosely coupled transformer with a rectangular shape
having I shape ferrite core is used in this resonant converter. Although voltage gain is independent
of the mutual inductance, capacitors are designed in case of maximum coupling air gap to make
resonance with the corresponding inductances. Therefore, at resonant frequency ZVS can be obtained
with the specific frequency control. Detailed specifications of the proposed resonant converter with
a constant resonant frequency are shown in Table 1.

Table 1. Design specifications of the LC-LC2 converter.

Design Specifications Value
Resonant frequency f=80kHz
Parameters of IPT transformer n =1, L;; =82.95 uH, L;» = 82.05 uH, Ly = 25.25 uH-13.1 uH, k = 0.234-0.140
Compensating inductor Lp =20 puH
Resonant capacitors C1=47.71nF, C, =48.24 nF, sz = 354.65 nF
Load resistance Ry, =33-200 O
Filter parameters Ly =1000 uH and Cr = 500 nF
Load power Pr =500 W
Air gap H = 140-180 mm

Figure 5 shows that measured phase angle of the input impedance for an air gap of 140 mm with
the specifications listed in Table 1. In accordance with the Figure 5, it is observed that load independent
input impedance with ZPA is achieved when the proposed converter is totally compensated.

100+ T T T T T T = T T T T T T
80
&80
& 40
=
bl
3
3 20
&
= o
Eo
=
- 20
n
=
= -40
=50
-80
-10 1 1 I | L 1 | | 1 1 i i 1
3 65 67 69 71 73 75 7T 79 81 83 85 a7 89

Frequency.,f (kHz)

Figure 5. Measured input phase angle of the 500 W LC-LC2 compensated resonant converter.

The calculated voltage gain corresponding to the frequency is shown in Figure 6. From Figure 6,
load independent voltage gain is found at 80 kHz which follows the Equation (23) as well as
Equation (2). Comparing Figures 5 and 6; voltage gain having load independence and input impedance
with ZPA, both can be obtained at the frequency of wy. The load-regulation curve of the proposed
LC-LC? converter from laboratory results is shown in Figure 7.
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Figure 6. Measured voltage gain of the 500 W LC-LC2 compensated resonant converter.
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Figure 7. Measured load regulation of the 500 W LC-LC2 compensated resonant converter.

The experimental efficiency from dc source to the battery is calculated for proposed mutual
inductance as well as mutual inductance (13.1 uH) for different air gap of 180 mm.

To compare the coupling tolerance of the proposed converter with S-SP compensated resonant
converter, the specifications for 500 W S-SP compensated converter are: V;, =211V, Vo =171,
Py=500W, C; =47.71 nF, C, = 48.24 nF, sz =156.75 nF an air gap of 140 mm, R; = 33-200 Q. In case of
S-SP compensated resonant converter, Cy, compensates the mutual inductance, Lys. On the other hand,
equivalent inductance Lyy = n?Ly || L 2 is compensated by Cp, in case of the proposed converter.

Comparing Figures 8 and 9, when the mutual inductance is about 13.1 pH, efficiency is much
affected in case of S-SP resonant converter. Because efficiency of the S-SP compensated resonant
converter directly related to the mutual inductance whereas efficiency of the LC-LC? compensated
resonant converter related to the equivalent inductance, Ly = n?Ly || L 2. Therefore, LC-LC?
compensated resonant converter provides better efficiency than S-SP compensated resonant converter

in case of variant air gap condition by which mutual inductance changes. Based on this, it is clear that
due to the parallel effect of magnetizing inductance and the additional inductance of the secondary
side, phase angle of the input impedance is closely maintained to zero. That’s why efficiency is not so
much affected by the air gap variation. Also higher order harmonics of i from is are limited. Although
the proposed compensation technique is built for 140-180 mm air gap variation, the laboratory setup

for 140 mm air gap variation is shown in Figure 10.
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Figure 8. The efficiency of the 500 W LC-LC2 compensated resonant converter.

1 T T T T = T

Ly= 25.25 nH

Efficiency

L L
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0.65 1 1 L 1 = ! 1
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Figure 9. The efficiency of the 500 W S-SP compensated resonant converter.

Figure 10. Laboratory results of the proposed LC-LC2 compensated resonant converter.

At the defined air gap, the current 7; is in phase with the high frequency inverter output voltage
Vap. ZVS condition is also observed in case of experimental result which is also shown in Figure 11.
In this case, Vpg and Ipg are the switch voltage and current of the high frequency inverter; Vg is the

gate signal.
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Figure 11. Laboratory results of the proposed LC-LC2 compensated resonant converter.

In case of higher-order harmonics injection to the rectifier side, LC-LC? is better than the S-SP
compensation technique because of the effect of equivalent inductance Lyss. Comparison between
S-SP compensation and LC-LC? compensation is shown in Table 2.

Table 2. Comparison of LC-LC2 compensation with S-SP? compensation.

Evaluation Criteria

Compensation - -
Networks Ma')ﬂ'mum Power Rating  Air Gap Efficiency Variation ngher-Ofder
Efficiency Harmonics
S-SP [18] 93% 1500 W 200 mm A-ffected by the mutual In]ec.te.d to the
inductance changes rectifier side
LC-LC2 93% 500 W 140 mm Less. affected by the mutual Not 1n].e§ted.t0 the
inductance changes rectifier side

Though above comparison table is for different power rating, efficiency variation by mutual
inductance changes and injection of higher order harmonics are the main parameters to evaluate the
proposed network. Efficiency variation is not so much affected by the mutual inductance changes in
case of proposed compensation based resonant converter in comparison to the S-SP compensation
based resonant converter, shown in Figures 8 and 9. Because of an additional receiving side inductor,
proposed compensation technique cannot inject higher order harmonics to the rectifier side.
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6. Conclusions

The proposed LC-LC? compensated resonant converter provides the input impedance with
ZPA and voltage gain having load independent characteristics at a common resonant frequency.
Using a common resonant frequency, experimental results of the proposed LC-LC? compensated
resonant converter are obtained. Laboratory results represent the efficacy of the proposed compensation
method with a maximum efficiency of 93%. In IPT based EV charging application, efficiency is directly
related to the air gap variation. Efficiency-comparison between LC-LC? and S-SP compensated resonant
converter depicts that efficiency of the LC-LC? compensated resonant converter is not much sensitive
to the air gap variation than the S-SP compensated resonant converter. Due to the less sensitivity of
the air gap variation, proposed compensation technique is very much effective in the IPT based EV
charging application.
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