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Abstract—Inductive power transfer (IPT) technology for auto-
matic guided vehicles wireless charging has widely drawn attention.
The displacement of the air gap is inevitable due to tire pressure
and spring deformation when vehicles are loaded with various
weights. It can degrade the performance of the IPT system because
the loosely coupled transformer parameters (self-inductances and
mutual inductance) deviate from the designed values due to the
position deviation of both sides’ ferrite cores. In this article, a
parameter design method based on T-series (T/S) topology is pro-
posed to maintain stable output current versus air gap and load
variation. Then, the parameter design process of the T/S topology to
improve air gap misalignment performance is elaborated. Finally,
a 20 A/1 kW experimental setup was built to verify the validity.
Experimental results show that the output current fluctuation is
within 4.71% when the load varies from 1.2 to 2.4 Ω and the air
gap decreases from 90 to 30 mm (primary self-inductance, sec-
ondary self-inductance, and mutual inductance increase by 4.71%,
30.22%, and 121.52%, respectively). Moreover, the overall output
current fluctuation is less than 6% when the secondary side moves
along the track with the air gap varying from 30 to 90 mm.

Index Terms—Air gap displacement, inductive power transfer
(IPT), loosely coupled transformer (LCT) parameters, parameters
design, stable output current.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) technique can transfer
energy from power sources to loads without any physical
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contact. Compared with the traditional plug-in system, the IPT
system is superior in security, convenience, etc. Therefore, it is
widely employed in many applications such as consumer elec-
tronics [1], biomedical implant devices [2], underwater power
supplies [3], electric vehicles [4], automatic guided vehicles
(AGVs) [5], and so on.

Aiming to reduce the size of the battery pack and extend the
working time of the vehicle, the dynamic IPT system is used
for AGV charging [6], [7]. AGVs have high precision tracking
capability [8], but the displacement of the air gap is inevitable
due to tire pressure and spring deformation when the vehicles are
loaded with different weights. In order to enable the IPT system
to operate against air gap variations, many works of literature
are investigated, and they can be roughly classified into two
categories: control scheme and compensation topology design.

Some control schemes like phase-shift control [9] and variable
frequency control [10] can realize the abovementioned targets.
As an alternative method, a dc–dc converter can be employed on
the primary or the secondary side to regulate the system output
[11], [12]. However, RF communication is required in these
approaches for the primary-side control technology. Moreover,
an extensive range of modulation depth is usually desired against
a large coupling variation, which may lead to the decrease of
system efficiency and increase in the cost/complexity of IPT
systems [13].

To simplify control schemes, the compensation topology de-
sign method, including hybrid topology and topology parameter
optimization, is extensively studied because some topologies
have the inherent characteristic of misalignment tolerance. For
example, hybrid topologies are proposed by Zhao et al. [14],
[15], Chen et al. [16], [17], and Qu et al. [18], taking ad-
vantage of two compensation topologies with opposite output
characteristics over misalignment to maintain the total output
relatively stable. However, the cost and complexity of the hybrid
topologies are high due to a large number of passive components
and coils. Besides, optimization of compensation parameters
can also achieve relatively stable power transmission. A series–
parallel–series topology is proposed by J. L. Villa to enhance
the IPT system stability of transmission power against coupling
variations [19]. In [20] and [21], two design methods of pa-
rameters are proposed by Feng et al. for series–series (S/S) and
inductor–capacitor–capacitor–series topologies, respectively, to
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obtain a small range fluctuation of transfer power against mis-
alignments. However, loads of these approaches have to be fixed.
To solve this weakness, Yao et al. [22], [23] utilize S/S-parallel
and series–capacitor–inductor–capacitor topology with particle
swarm optimization to achieve stable output voltage versus
coupling coefficient and load variations. For the parameter opti-
mization, it is only suitable for the case that the self-inductances
of the loosely coupled transformer (LCT) are hardly changed
with the coupling variation. Once the self-inductances of coils
are changed with displacement, the misalignment performance
of the IPT system is degraded.

As we know, ferrite cores are commonly used in the IPT
system for the AGV to increase mutual inductance and decrease
the effect of leaked electromagnetic field [24]. However, the use
of ferrite cores can make LCT parameters (self-inductances and
mutual inductance) more sensitive to the air gap [25]. When
the air gap between the primary side and the secondary side is
changed, the variations of LCT parameters cannot be neglected,
which may destroy the resonant tank, even lead to instability and
reduction in power transmission. Moreover, the battery charging
voltage uB of AGV is usually low (24–48 V), and the charging
current iB is typically high (more than 10 A), which means the
battery equivalent load R = uB/ iB is a resistance of several
Ohms. Therefore, the IPT system for the AGV wireless charging
has to provide a constant output current for the battery, while
the air gap and load are both changeable during the operation
process.

In this article, to overcome the above-mentioned issues, a
T-series (T/S) topology is used for the AGV wireless charging.
There are three components on the primary side and one on
the secondary side, which can reduce the installation space
of the vehicle and offer sufficient design freedom for the IPT
system. Then, a novel parameter design method considering the
LCT parameters variations is proposed to obtain stable output
current versus air gap and load variations for AGV charging
by optimizing the parameter values of the T/S topology. For
the LCT parameters variations, both self-inductance and mutual
inductance are taken into consideration, which is not studied in
the prior works.

The rest of this article is organized as follows. In Section II,
the analysis of the T/S topology for maintaining a stable output
current is described. The parameter design procedure and an
example are introduced in Section III. In Section IV, a 1-kW
prototype is built to verify the theoretical analysis. Finally,
Section V concludes this article.

II. THEORETICAL ANALYSIS

As shown in Fig. 1(a), a typical schematic diagram of AGV
dynamic charging is given. With the utilization of the ferrite
cores, the magnetic flux density increases when the secondary
side approaches the primary side because the ferrite core of
the secondary side serves as a small reluctance, increasing
the self-inductances and mutual inductance of the LCT [24].
Therefore, the profile of the LCT parameters for the IPT system
with ferrite cores and coupled coils on the primary and secondary
sides can be depicted in Fig. 1(b). A long track LCT structure

Fig. 1. Typical schematic diagram of AGV dynamic charging. (a) Charging
process of AGV. (b) Corresponding variation trend of LCT parameters with
different h, where Lp and Ls are the self-inductances of the LCT on the primary
and secondary sides, respectively. M is the mutual inductance of the LCT. hmin

and hmax mean the minimum and maximum of the predetermined range of air
gap h, respectively.

Fig. 2. T/S compensated topology.

is used in this article. And LCT parameters Ls, Lp, and M
are expressed as (1). [hmin–hmax] is the predetermined range
of air gap h, the corresponding variation range of the LCT
parameters are defined as [Lpmin–Lpmax], [Lsmin–Lsmax], and
[Mmin–Mmax], respectively. It is noticed that the variation of
the mutual inductance is more prominent in practice. Since the
values of M, Lp, and Ls decrease with the rise of air gap h,
the derivates of LCT parameters should satisfy d(M(h))/dh<0,
d(Lp(h))/dh <0, and d(Ls(h))/dh<0⎧⎨

⎩
Lp = Lp (h)
Ls = Ls (h)
M = M (h) .

(1)

As shown in Fig. 2, a T/S compensated topology is given.
Zpf, Zps, Zpt, and Zs are the impedances of each component,
as illustrated in (2). Xpf, Xps, Xpt, and Xs are the reactance of
each component, which are inductors if the values are positive;
otherwise, they are capacitors. The duty cycle of the inverter is
set as 50%, and the angular frequency of the system is ω = 2πf,
where f represents the switching frequency of the inverter. E, uB,
and iB are the input dc voltage, output dc voltage, and output dc
current, respectively. They can be expressed by (3), respectively
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Fig. 3. Equivalent circuit of T/S compensated topology. (a) is the T-type
equivalent model. (b)–(d) are the Norton and Thevenin’s equivalent models,
where A = ωLs+Xs, B = C−ωLp, C = Xps

2/(Xps+Xpf)−Xps−Xpt.

[26]

Zpf = jXpf , Zps = jXps, Zpt = jXpt, Zs = jXs (2)

E =
π

2
√
2
V̇i, uB =

π

2
√
2
V̇s, iB =

2
√
2

π
İs. (3)

Rac is the equivalent ac load. The relationship between Rac

and the battery equivalent load R can be given by [27]

Rac =
8

π2
R. (4)

A. Maintaining Stable Output Current Versus Load Variation

To simplify the analysis, the resistance of each reactive el-
ement is neglected. The fundamental harmonic approximation
method is used to calculate the output current of the system.
According to Norton and Thevenin’s theorem, the T/S topology
circuit shown in Fig. 3(a) can be simplified as Fig. 3(b)–(d).
In Fig. 3(b), we have −jC+ jω(Lp−M) = j(−−ωM) and Zs+
jω(Ls−M) = j(A−ωM).

In Fig. 3(c) and (d), Vi_NTV, Zi_NTZ, and Ii_NTI are expressed
as ⎧⎪⎨

⎪⎩
Vi_NTV = − ViXpsωM

(Xps+Xpf )B

Zi_NTZ = j
(
A+ ω2M2/B

)
Ii_NTI = Vi_NTV

Zi_NTZ
.

(5)

According to Fig. 3(c) and (d), if the ratio of |Zi_NTV| to
|Rac| is larger, the fluctuation of the current Is is smaller. Hence,
a variable α is used to represent the sensitivity of the output
current over Rac as shown in the following:

α =
|Zi_NTZ |2

Rac
2 =

(
A+ ω2M2/B

)2
Rac

2 . (6)

Fig. 4. Profile of output current Is and α with Rac variation, where α is the
defined variable to represent the sensitivity of the output current over Rac, and
Is is the ac output current of the IPT system. Rac is the equivalent ac load, of
which the variation range is [Racmin, Racmax], and the corresponding α and
Is are [αmin, αmax] and [Is_min, Is_max], respectively. Imin and Imax are the
minimum and maximum allowable currents, respectively.

Furthermore, the ac output current Is can be obtained as

Is =
Vi_NTV

Zi_NTZ +Rac
. (7)

From (6) and (7), the profile of the ac output current Is and
α can be given as Fig. 4 when B�0. It can be seen that the
ac output current Is and α decrease with Rac. Within the load
variation range [Rmin–Rmax] (the corresponding variation range
of Rac is [Racmin–Racmax]), the maximum output current Is and
α are Is_max and αmax when Rac = Racmin, while the minimum
values are Is_min and αmin when Rac = Racmax. The allowable
current range of the system can be defined as [Imin–Imax], and a
variable β is defined to describe the allowable fluctuation of the
output current, as

Imax − Imin

Imax + Imin
= β. (8)

If the fluctuation of output current is lower than the required
fluctuation β when Rac varies from Racmin to Racmax, i.e., (9),
the output current is regarded as a constant value, namely, we
can obtain stable output current Is versus the load variation when
α ≥ αmin

Is_max − Is_min

Is_max + Is_min
≤ β. (9)

Due to the monotony of Is as shown in Fig. 4, the maximum
allowable range of load variation can be obtained when the
fluctuation of output current is equal to the allowable fluctuation
β, namely, Is_max = Imax and Is_min = Imin.

B. Maintaining Stable Output Current Versus LCT
Parameters Variations

According to (7), Fig. 3(c) and (d), to maintain stable output
current within the predefined range [hmin–hmax], the absolute
value of the ac equivalent source Vi_NTV and the equivalent
impedance Zi_NTZ should have the same variation trend versus h.

Combining (1) and (5), the derivate of the ac equivalent source
|Vi_NTV| and the equivalent impedance |Zi_NTZ| with respect to
h can be given as (10) shown at the bottom of the next page.
From (10), there are three cases as Fig. 5 for the variation trend
of the ac equivalent source Vi_NTV as follows:
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Fig. 5. Profile of the ac equivalent source |Vi_NTV | and the equivalent
impedance |Zi_NTZ | versus air gap h for (a) Case I, (b) Case II, and (c) Case III.

Case I: The absolute value of the ac equivalent source
|Vi_NTV| increases with h, namely

d

dh
(|Vi_NTV |) ≥ 0. (11)

To maintain the same trend with |Vi_NTV|, we have

d

dh
(|Zi_NTZ |) ≥ 0. (12)

Substituting (11) and (12) into (10), the value range of C and
Xs can be calculated in (A1) of the Appendix.

Fig. 6. Circuit and output current for case I if the self-inductance is constant
or slightly variable.

In practice, the self-inductance Lp and Ls will approach a
constant value with the increase of h in loosely coupling IPT
system, resulting in dLp(h)/dh and dLs(h)/dh approaching zero.
Then, Lp and Ls can be regarded as two constant values, C will
be approximatively equal to ωLp according to (10) and (A1) in
the Appendix, and the corresponding circuit and output current
can be described in Fig. 6. From Fig. 6, the output current Is
is inversely proportional to M, which means the system has the
inferior misalignment tolerance versus air gap variation.

Case II: The absolute value of the ac equivalent source
|Vi_NTV| is nonmonotonic with h. From (10), if there is a value
of air gap hk within the predetermined air gap [hmin–hmax] to
satisfy (13), |Zi_NTZ| and |Vi_NTV| will simultaneously reach
extreme at hk to ensure the same variation trend{

d
dh (|Vi_NTV |) = 0
d
dh (|Zi_NTZ |) = 0

, h = hk ∈ (hmin, hmax) . (13)

Substituting (13) into (10), C can be calculated as{
C=ωLp (hk)−ωM (hk)

dLp(hk)/dh
dM(hk)/dh

=ωLp (hk)−ωM (hk)
dM(hk)/dh
dLs(hk)/dh

, hk ∈ (hmin, hmax) .

(14)
From (14), we have

dLp (hk) /dh

dM (hk) /dh
=

dM (hk) /dh

dLs (hk) /dh
, hk ∈ (hmin, hmax) . (15)

According to (15), the ratios between the derivative of Lp(h),
M(h), and Ls(h) are required to be the same, while it is hard to be
achieved unless the LCT is specially designed, which is almost
impossible in practice.

Case III: The absolute value of the ac equivalent source
|Vi_NTV| decreases with h. Similarly, we have{

d
dh (|Vi_NTV |) ≤ 0
d
dh (|Zi_NTZ |) ≤ 0.

(16)

Substituting (16) into (10), the value range of C and Xs can
be calculated as (A2) in the Appendix.

h ∈ (hmin, hmax)⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

d
dh (|Vi_NTF |) =

∣∣∣ ViXp1

(Xp1+Xpf )

∣∣∣ d
dh

(∣∣∣ωM(h)
B(h)

∣∣∣) =

⎧⎨
⎩
∣∣∣ ViXp1

(Xp1+Xpf )

∣∣∣+ ωB(h)
dM(h)

dh +ω2M(h)
dLp(h)

dh

B(h)2
, B(h) > 0∣∣∣ ViXp1

(Xp1+Xpf )

∣∣∣ −ωB(h)
dM(h)

dh −ω2M(h)
dLp(h)

dh

B(h)2
, B(h) ≤ 0

d
dh (|Zi_NTZ |) = d

dh

(∣∣∣A(h) + ω2M(h)2

B(h)

∣∣∣) =

⎧⎨
⎩

ω dL2(h)
dh +

2ω2B(h)M(h)
dM(h)

dh +ω3M(h)2
dLp(h)

dh

B(h)2
, A(h) + ω2M2

B(h) > 0

ω dL2(h)
dh − 2ω2B(h)M(h)

dM(h)
dh +ω3M(h)2

dLp(h)

dh

B(h)2
, A(h) + ω2M2

B(h) ≤ 0

(10)

where

A(h) = ωLs(h) +Xs, B(h) = C − ωLp(h)
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From (A2), the high design flexibility can be obtained in this
case. Moreover, it can be applied in any range of air gap varia-
tions, and the design of LCT is not rigorous. Thus, compared to
Case I and Case II, Case III is more practical.

Due to the high design freedom and the wide value range of C
and Xs, this article utilizes case III to discuss the implementation
of the IPT system with a stable output current. The variation
range of the battery equivalent load is defined as [Rmin–Rmax],
the corresponding variation range of Rac is [Racmin–Racmax]).
α will decrease with the increase of air gap h or the battery
equivalent load R in terms of (6), which will reach the minimum
value αmin when Rac = Racmax, h = hmax (Lp = Lpmin, Ls =
Lsmin, and M = Mmin), namely, the fluctuation of the output
current will increase with the air gap h when Rac varies from
Racmax to Racmin. αmin can be written as

αmin =

(
Amin + ω2Mmin

2/Bmax

)2
Racmax

2 (17)

where

Amin = ωLsmin +Xs, Bmax = C − ωLpmin.

C. Constraints of Maintaining Stable Output Current Versus
LCT Parameters and Load Variations

Combining (3), (4), (5), and (7), the current gain can be
obtained as

G =

∣∣∣∣ IsVi

∣∣∣∣ =
√

ω2M2Xps
2/(Xps +Xpf )

2

(AB + ω2M2)2 +Rac
2B2

. (18)

The allowable current gain range of the system is defined as
[Gmin–Gmax]. We can set the current gain to be Gmin when Rac

= Racmax and h = hmin (Lp = Lpmax, Ls = Lsmax, and M =
Mmax), the current gain Gmin can be given as (19), which can
be employed as the first constraint

Gmin =

√√√√ ω2Mmax
2Xps

2/(Xps +Xpf )
2(

AmaxBmin + ω2Mmax
2
)2

+Racmax
2Bmin

2

(19)
where

Amax = ωLsmax +Xs

Bmin = Xps
2/ (Xps +Xpf )− (Xps +Xpt + ωLpmax) .

In order to make the current gain located between Gmin and
Gmax with a large air gap variation, there are two cases for
the maximum current gain GGmax when the load changes from
Racmax to Racmin.

Case a: The current gain can reach the maximum value
GGmax when Rac = Racmin and h = hmax (Lp = Lpmin, Ls

= Lsmin, and M = Mmin).
Case b: The maximum current gain GGmax is the extreme

point when Rac = Racmin.
According to the variation trend of α, the profile of G can

be roughly depicted in Fig. 7(a) and (b) for Case a and Case
b, respectively. Then, the allowable gain fluctuation β can be

Fig. 7. Profile of G considering the LCT parameters and load variations.
(a) is case a, and (b) is case b. GGmax is the maximum current gain and the
corresponding air gap is hGmax. GRacmin and GRacmax are the current gains
when h = hmax (Lp = Lpmin, Ls = Lsmin, and M = Mmin), Rac = Racmin

or Rac = Racmax, respectively.

expressed as

β=
Gmax −Gmin

Gmax +Gmin
. (20)

When Rac = Racmin or Rac = Racmax, h = hmax (Lp = Lpmin,
Ls = Lsmin, and M = Mmin), the current gains GRacmin and
GRacmax can be given as⎧⎪⎪⎨
⎪⎪⎩

GRacmin =

√
ω2Mmin

2Xps
2/(Xps+Xpf )

2

(AminBmax+ω2Mmin
2)

2
+Racmin

2Bmax
2

GRacmax =

√
ω2Mmin

2Xps
2/(Xps+Xpf )

2

(AminBmax+ω2Mmin
2)

2
+Racmax

2Bmax
2
.

(21)

According to (9) and (20), we can obtain the second constraint
of the system, i.e.,

GRacmin −GRacmax

GRacmin +GRacmax
≤ β. (22)

Substituting (21) into (22), the second constraint of the system
can be written as√

1
1+Racmin

2/Racmax
2αmin

−
√

1
1+1/αmin√

1
1+Racmin

2/Racmax
2αmin

+
√

1
1+1/αmin

≤ β. (23)

In Fig. 7(a), GGmax and GRacmin, hmax and hGmax satisfy⎧⎨
⎩GGmax=GRacmin=

√
ω2Mmin

2Xps
2/(Xps+Xpf )

2

(AminBmax+ω2Mmin
2)

2
+Racmin

2Bmax
2

hmax = hGmax.
(24)

In order to achieve the maximum load variations, GGmax

(GRacmin) should be equal to Gmax, as shown in (25), which
can be employed as the third constraint of the system for Case a

GGmax = GRacmin = Gmax

=

√√√√ ω2Mmin
2Xps

2/(Xps +Xpf )
2(

AminBmax + ω2Mmin
2
)2

+Racmin
2Bmax

2
. (25)
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In Fig. 7(b), when load Rac =Racmin, the current gain GRac =

Racmin can be described as

GRac=Racmin
=

√
ω2M2Xps

2/(Xps +Xpf )
2

(AB + ω2M2)2 +Racmin
2B2

. (26)

Substituting (1) into (26), and making the derivative of (26)
equal to zero, the hGmax can be solved, as follows:

d (GRac=Racmin
(h))

dh

=
d

dh

⎛
⎜⎜⎝
√√√√√ ω2M(h)2Xps

2/(Xps+Xpf )
2(

A (h)B (h)+ω2M(h)2
)2

+Racmin
2B(h)2

⎞
⎟⎟⎠

= 0
solveh→ hGmax. (27)

Substituting the calculation result of (27) into (26), GGmax

can be obtained. To achieve the maximum load variations,
GGmax should be equal to Gmax, which is the third constraint
of the system for Case b, as given in (28)

GGmax = Gmax (28)

Zin =
Vi

Ii

=
B (Rac + jA) (Xps +Xpf ) + jω2M2 (Xps +Xpf )

(Rac + jA)
(
jXps

2/ (Xps +Xpf )− jB
)
+ ω2M2

tan θ =

(
1

(Xps +Xpf )
− Xps

2

B(Xps +Xpf )
2

)
1

RacG2
+
√
α.

(29)

Based on Kirchhoff’s Law, the input impedance Zin can be
solved. And the input impedance angle θ can be expressed
as (29). Generally, zero-voltage switching (ZVS) is preferred
because it can decrease the switching loss of the inverter. To
achieve the ZVS condition, the turn-OFF current is required to
be adequate to discharge the junction capacitor of the switching
devices [13]. Hence, the value of tanθ should always be positive
during the whole dynamic charging process, which can be used
as the fourth constraint, as follows:

tan θ > 0. (30)

III. PARAMETERS DESIGN AND EXAMPLE

A. LCT Multivariate Fitting Method

According to the above analysis, we can only roughly acquire
the constraints of the system. It seems complicated and hard to
precisely design the parameters of each reactive element because
the LCT self-inductances are also variable during the whole
charging process. If the number of the variables can be reduced,
the parametric design of the IPT system will be simplified.

The long track is one of the typical LCT structures in AGV
wireless charging, as depicted in Fig. 8(a). ANSYS MAXWELL
is used to assist the design. The air gap is defined as h. With
different air gaps h, corresponding LCT parameters are dis-
played in Fig. 8(b). MATLAB can be employed to fit these

Fig. 8. (a) Simplified LCT and (b) corresponding LCT parameters with
different air gaps when the secondary side is located in the middle of the primary
side.

discrete points of LCT parameters [16]. Then, the variations of
the LCT parameters can be expressed by some function related
to the same variable, e.g., (31). The fitting results are drawn in
Fig. 8(b) to compare with the measured LCT parameters, which
demonstrates that the fitted function is almost consistent with
the measured data over different air gaps h⎧⎪⎪⎨

⎪⎪⎩
Lp = Lp (h) =

279.7h+3062
h+7.987

Ls = Ls (h) =
80.89h+3124

h+11.9

M = M (h) = −4.788h+3156
h+30.2 .

(31)

It is noted that LCT parameters can also be written as func-
tions with the other same variable, i.e., coupling coefficient,
primary/secondary self-inductance or mutual inductance, and
four fitting forms are given in (32). Moreover, the fitted formula
types are various, such as division of polynomial, polynomial,
exponential, and so on, as shown in (33). The differences mainly
lie in the complexity of calculation for different types of fitting⎧⎨

⎩
Ls = Ls (k)
Lp = Lp (k)
M = M (k)

⎧⎨
⎩

Ls = Ls (Ls)
Lp = Lp (Ls)
M = M (Ls)

⎧⎨
⎩

Ls = Ls (Lp)
Lp = Lp (Lp)
M = M (Lp)⎧⎨

⎩
Ls = Ls (M)
Lp = Lp (M)
M = M (M)

(32)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

f (X) = p0+p1X+p2X
2+···+pnX

n

q0+q1X+q2X2+···+qmXm

f (X) = p0 + p1X + p2X
2 + · · ·+ pnX

n

f (X) = k0e
p0+p1X+p2X

2+···+pnX
n

....

(33)
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Fig. 9. Variation trend of θ.

B. Parameters Design Procedure

For the fourth constraint, an iterative algorithm can be used
to satisfy (30) within [hmin–hmax] and [Rmin–Rmax]. Theoreti-
cally, any value of LCT parameters and load can be considered as
a reference value, the corresponding impedance angle function
can be used to assist the design of Xps, Xpt, Xpf, and Xs. For
example, when R = Rmax, h = hmax (Lp = Lpmin, Ls = Lsmin,
and M = Mmin), the corresponding impedance angle θmin can
be given as

θmin = arctan

[(
1

(Xps +Xpf )
− Xps

2

Bmax(Xps +Xpf )
2

)

(
8/π2

)
RacmaxGRacmax

2 +
√
αmin

]
. (34)

This article focuses on the analysis and design of a T/S
topology for AGV dynamic IPT system maintaining stable
output current with the long track LCT structure. Hence, the
fluctuation of Lp is relatively small (only 4.71%) compared with
Ls (30.22%) and M (121.52%) according to Fig. 8. Then, Lp and
G can be approximatively considered as two constant values to
simplify the fourth constraint. From (29), it can be found that the
variation trend of tanθ is consistent with α, which means input
impedance angle θ can reach the minimum value θmin during
the whole operating region when the battery equivalent load and
air gap are Rmax and hmax (Lp = Lpmin, Ls = Lsmin, and M =
Mmin). Furthermore, the fourth constraint can be simplified as
tanθmin ≥ 0. And the corresponding variation trend of θ can be
depicted in Fig. 9.

For other applications, the variation trend of θ may be hard to
evaluate due to the relatively large fluctuation of Lp. Hence, we
can use an iterative algorithm to satisfy (30). A common design
method is given as follows.

First, the values of Gmin, β, Rmin, Rmax, θmin, the size of
LCT, and the variation range of air gap [hmin–hmax] are given.
Referring to (32) and (33), LCT parameters over air gap h
variation can be fitted into functions with the same variable.
Then, substituting the values of β, Rmin, and Rmax into (23),
the boundary conditions of αmin can be determined. Next, by
choosing an appropriateαmin and substituting the value ofαmin,
Gmin, β, Rmin, Rmax, θmin, and the fitted functions into (6),
(19), (34), (25), or (28), the value of Xpf, Xps, Xpt, and Xs can
be solved. An iterative algorithm to obtain optimal parameters
satisfying (30) within [hmin–hmax] and [Rmin–Rmax]. Finally,
the results should be checked by (A2) of Appendix, when the
results can not satisify (A2) of the Appendix, the αmin will

Fig. 10. Design flowchart of the system parameters.

TABLE I
PARAMETER VALUES

be amended to recalculate the results based on the boundary
condition. The flow chart is depicted in Fig. 10 to further explain
the design procedure.

C. Example of the Design for AGV

An IPT system is designed for AGV charging employing the
design method presented above. The operating frequency f is 85
kHz. The dc output current iB and dc input voltage E are 20 A
and 200 V, the input impedance angle θmin is 0°, the fluctuation
of the output current β is 5%, the variation range of the battery
load R is designed as 1.2–2.4 Ω because the voltage range of
the AGV is regarded as 24–48 V. The air gap h is 30–90 mm,
and the size of LCT is shown in Fig. 8. From (23), the boundary
conditions of αmin can be calculated as 3.13.

Based on the boundary ofαmin and the design steps in Fig. 10,
the parameters can be calculated accordingly. Theoretically,
larger αmin can lead to better performance of the system main-
taining stable output current versus load variation. However, it
may affect the overall performance of the IPT system. In order
to explore the effects of αmin, the four sets of parameters are
calculated in Table I with different αmin. Based on Kirchhoff’s
law and the parameters in Table I, the current of each circuit
loop, the input impedance angle θ and α can be calculated, and
the corresponding curves are given in Fig. 11.

From Fig. 11, it can be seen that the variation trend of α and
θ are consistent with the theoretical analysis, and the fluctuation
of output current Is can satisfy the design requirements, which
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Fig. 11. Current in each circuit loop, the value of α, and the input impedance
angle versus h when (a) R = 2.4 Ω, (b) R = 1.2 Ω, (c) R = 2.4 Ω, and (d) R =
2.4 Ω.

can show the feasibility of the proposed method. Besides, when
αmin increases, the output current is more stable in the operating
region over air gap and load variation, but the current of each
circuit loop will also increase, resulting in a reduction of the
efficiency. As a compromise,αmin is selected to be the minimum
that satisfies the fluctuation requirement (5%) of the output
current within the predefined operation region [hmin–hmax] of
the air gap h.

IV. EXPERIMENTAL RESULTS

To demonstrate the applicability of the proposed method, a
1-kW experimental prototype was built, as shown in Fig. 12.
The optimal αmin is 3.67, which can be obtained by a simple
iterative algorithm according to the design flowchart, as shown

Fig. 12. Schematic diagram of the experimental porotype.

TABLE II
MEASURED PARAMETER VALUES

Fig. 13. Experimental waveforms. (a) R = 2.4 Ω and air gap = 90 mm. (b) R
= 2.4 Ω and air gap = 30 mm. (c) R = 1.2 Ω and air gap = 90 mm. (d) R =
1.2 Ω and air gap = 30 mm.

in Fig. 10. System parameters are listed in Table II, rXpf, rXpt,
rXps, rXs, rLp, and rLs are internal resistance of each reactive
element, respectively. An electronic load (IT8816B) is used to
verify the performance of the IPT system. The MOSFETs Q1–Q4

are C2M0040120D and the rectifier diodes D1–D4 are DSSK
60-015A.

A. Experimental Results at a Fixed Position

In this part, the secondary side stops at a fixed position while
the air gap and load are changed. The experimental results are
presented as follows. Fig. 13(a) and (b) shows the experimental
waveforms of the output current/voltage of the inverter and input
current/voltage of the rectifier at R = 2.4 Ω with different air
gaps. Fig. 13(c) and (d) shows the experimental waveforms at
R = 1.2 Ω with different air gaps. The variation trend of input
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Fig. 14. Measured experimental results versus R and air gap variation. (a) is
the output current and (b) is the efficiency.

Fig. 15. Comparison of the theoretical and experimental for (a) output current
and (b) efficiency.

impedance angle is consistent with the theoretical analysis. And
the soft turn-ON for semiconductor switches can be verified.

The output current is measured and depicted in Fig. 14(a),
which illustrates the output current of the designed system versus
air gap and load variation. With air gap variation (30–90 mm),
the fluctuation of the output current is less than 4.71%, while
the load is changed from 1.2 to 2.4 Ω. The results demonstrate
that the system has good performance of stable current output.

Fig. 16. LCT parameters during the dynamic charging process. (a) is the
primary self-inductance Lp, (b) is the secondary self-inductance Ls, and (c)
is the mutual inductance M.

The corresponding efficiency is drawn in Fig. 14(b). It can be
observed that the efficiency of the designed system gradually
decays with the decrease of the air gap (85.38% drops to74.25%).
When the air gap falls to 30 mm with R = 1.2 Ω, the efficiency
reaches the lowest point (74.25%). The decline of efficiency is
mainly attributed to a high current in each circuit loop on the
primary side and a light load on the secondary side. Considering
the low-voltage and high-current working conditions [5], the
experimental results are acceptable.

Fig. 15 shows the theoretical prediction of the output current
and the efficiency [27]. The maximu error of the output current
is 0.82% (0.33 A) when h = 90 mm and R = 2.4 Ω and the
maximum error of the efficiency is 0.9% when h = 30 mm and
R=1.2Ω. Meanwhile, the error is inevitable and it mainly comes
from the deviation of the parameters and the resistance of each
reactive element. The results demonstrate the availability of the
theoretical analysis.

B. Experimental Results in the Dynamic Charging Process

In this part, a dynamic experiment is implemented, i.e., the
secondary side moves along the track. The corresponding LCT
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Fig. 17. Experimental results. (a) Output current during the dynamic charging
process. (b) Corresponding efficiency.

parameters variations and the experimental results are, respec-
tively, listed in Figs. 16 and 17, where R = 2.4 Ω. It can be
seen that the stable region of the output current is [−30–30
cm] along the direction of the track. With a rise of 300% in
the air gap from 30 to 90 mm in the operation region, the LCT
parameters change dramatically, i.e., the variation ranges of Lp,
Ls, and M are [301.59–288.03 μH], [133.51–102.53 μH], and
[50.13–22.63 μH], respectively. From the experimental results,
when the secondary side operates along the direction of the track,
the output current does not significantly change (the fluctuation
of the output current is [20.17–22.13 A]). The efficiency declines
with the decrease of the air gap because the variation of the LCT
parameters leads to a worse detuned situation causing a higher

loop current, but it remains almost constant with the same air
gap (the variation range of the efficiency is [79.64%–86.06%]).
When the secondary side moves out of the stable region (ap-
proach to the edge of the track), the value of the LCT parameters
will not be stable in the same air gap, resulting in the unstable
output current. In this article, the maximum unstable output
current is more than 40 A. Hence, the current/voltage stress of
the component needs to be considered in practice. Besides, we
also should avoid this case, such as using the external protection
circuit or the preplaced roadblock in the track.

As a result, the designed system can obtain a relatively stable
output current versus air gap and load variations during the
dynamic charging process. And the results also show that the
proposed method is suitable for the application of the LCT
parameters changing with a variable air gap, such as AGV.

V. CONCLUSION

In summary, the transfer current gain is significantly affected
by the LCT parameters when the IPT system has a large air gap
variation. With the equivalent circuit and mathematical analysis
of T/S topology, the key parameter affecting the output current
versus load is identified. Besides, the cases of maintaining stable
output current against air gap variation are discussed. Based on
the constraints of the output current, the LCT multivariate fitting
method is introduced to simplify the design. Moreover, a param-
eter design method is proposed to obtain the required fluctuation
of the output current in the IPT system. In the experiment, the
output current fluctuation is less than 4.71% when Lp, Ls, M,
and R vary from 288.03 to 301.59 μH, 102.53 to 133.51 μH,
22.63 to 50.13 μH, and 1.2 to 2.4 Ω, respectively. When the
secondary side moves along the track from −30 to 30 cm with
the air gap changing from 30 to 90 mm, the output current varies
from 20.17 to 22.13 A at R = 2.4 Ω. The results validate the
good performance of the proposed method for the AGV wireless
charging system versus air gap and load variations. Additionally,
there are some limitations in the proposed approach, such as low
efficiency, high unstable output current when the secondary side

h ∈ (hmin, hmax)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

min (ωLp (h)) ≥ C ≥ max
(
ωLp (h)− ωM (h)

dLp(h)/dh
dM(h)/dh

)
C ≤ min

(
ω
(
Lp(h)dLs(h)/dh−M(h)

(
dM(h)/dh−

√
(dM(h)/dh)2−(dLp(h)/dh)(dLs(h)/dh)

))

dLs(h)/dh

)

C ≥ max

(
ω
(
Lp(h)

dLs(h)
dh −M(h)

(
dM(h)/dh+

√
(dM(h)/dh)2−(dLp(h)/dh)(dLs(h)/dh)

))

dLs(h)/dh

)
Xs ≥ max

(
−ωLs (h)− ω2M(h)2

C−ωLp(h)/dh

)
or⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

min (ωLp (h)) ≥ C ≥ max
(
ωLp (h)− ωM (h)

dLp(h)/dh
dM(h)/dh

)
C ≥ max

(
ω
(
Lp(h)dLs(h)/dh−M(h)

(
dM(h)/dh+

√
(dM(h)/dh)2−(dLp(h)/dh)(dLs(h)/dh)

))

dLs(h)/dh

)

C ≤ min

(
ω
(
Lp(h)

dLs(h)
dh −M(h)

(
dM(h)/dh−

√
(dM(h)/dh)2−(dLp(h)/dh)(dLs(h)/dh)

))

dLs(h)/dh

)
Xs ≤ min

(
−ωLs (h)− ω2M(h)2

C−ωLp(h)/dh

)
(A1)
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h ∈ (hmin, hmax)

{
C ≥ max (ωLp (h))

Xs ≥ max
(
−ωLs (h)− ω2M(h)2

C−ωLp(h)/dh

)
or⎧⎨
⎩

C ≤ min (ωLp (h)) , C ≤ min
(
ωLp (h)− ωM (h)

dLp(h)/dh
dM(h)/dh

)
Xs ≥ max

(
−ωLs (h)− ω2M(h)2

C−ωLp(h)/dh

)
or⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

C ≥ max

(
ω
(
Lp(h)dLs(h)/dh−M(h)

(
dM(h)/dh+

√
(dM(h)/dh)2−(dLp(h)/dh)(dLs(h)/dh)

))

dLs(h)/dh

)

C ≤ min

(
ω
(
Lp(h)

dLs(h)
dh −M(h)

(
dM(h)/dh−

√
(dM(h)/dh)2−(dLp(h)/dh)(dLs(h)/dh)

))

dLs(h)/dh

)
C ≤ min (ωLp (h)) , C ≤ min

(
ωLp (h)− ωM (h)

dLp(h)/dh
dM(h)/dh

)
Xs ≤ min

(
−ωLs (h)− ω2M(h)2

C−ωLp(h)/dh

)
(A2)

moves out of the stable region (approach to the edge of the track),
which will be improved in the future.

APPENDIX

(A1) shown at the bottom of the previous page, where min(∗)
and max(∗) mean the minimum and maximum value of ∗. (A2)
shown at the top of this page.
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