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A Low-Voltage and High-Current Inductive Power
Transfer System With Low Harmonics for
Automatic Guided Vehicles

Fei Lu

Chong Zhu Y, Member, IEEE, Lijun Diao

and Chris M1

Abstract—This paper proposes the series—series compensation
topology to realize a low-voltage and high-current inductive power
transfer system (IPT) for the automatic guided vehicles (AGVs).
Since the height of the AGV chassis is in the tens of mm, the
coupling coefficient is close to 1, resulting in a tightly coupled IPT
system. This paper has three main contributions. First, it reveals
that the high-order harmonic currents in a tightly coupled IPT
system could be very significant. Second, it quantifies the impact
of the high-order harmonic currents on the efficiency, which
shows the efficiency can be reduced. Third, it proposes an effective
method to design the parameters in order to reduce the harmonics
and maintain high efficiency. Aiming at the charging of AGVs, a
prototype is constructed. The magnetic coupler size is 220 mm X
220 mm X 10 mm. When the airgap is 10 mm, it achieves 1.8-kW
power transfer with a de—dc efficiency of 89.9% from a 400-V dc
source to a 24-V dc load, and the charging current is 74 A. When
the airgap varies from 5 mm to 15 mm, the power variation is
within =350 W, and the efficiency is not affected. The fast Fourier
transform analysis of the experimental currents also validates the
theoretical analysis and the simulation results.

Index Terms—Tightly-coupled, automatic guided vehicle (AGV),
high-order harmonic, series-series compensation.

NOMENCLATURE
S1=S4 Inverter MOSFETS.
Ly Primary inductor.
k Coupling coefficient.
C Primary capacitor.
fsw Switching frequency.
Vin DC supply.
Vi Input ac voltage.
L Input ac current.
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nth harmonic of V.

nth harmonic of I;.

Number of harmonic.

Phase difference between V; and V5.
Primary/secondary input impedance.
Primary/secondary mutual impedance.
Input/output current excited by primary source.
Input/Output current excited by secondary source.
Singular coupling coefficient to maximize har-
monics.

Constant to calculate I,,.

Primary current related to the self-inductance.
Primary current related to the mutual inductance.
Secondary current related to the self-inductance.
Secondary current related to the mutual induc-
tance.

Current ratio related to primary/secondary param-
eters.

Fundamental power.

Total power.

Conductive loss.

Turn number of coils.

Constant to calculate magnetic power loss.
Rectifier diodes.

Secondary inductor.

Mutual inductance.

Secondary capacitor.

Angular frequency.

Battery voltage.

Output ac voltage.

Output ac current.

nth harmonic of V5.

nth harmonic of /5.

Quality factor.

Harmonic power.

Power loss.

Magnetic loss.

Turn ratio of coils.

1. INTRODUCTION

HE inductive power transfer (IPT) technology can provide
significant conveniences to charge electric vehicles [1],
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[2]. The transfer distance is the height of the vehicle chassis,
which is typically in the hundreds of mm for a passenger car, and
the coupling coefficient between the transmitter and receiver is
usually below 0.30, resulting in a loosely-coupled IPT system
[3], [4]. Therefore, a compensation circuit is required on both
sides to resonate with the coils and increase the power transfer
capability [S]-[7]. In previous research, different compensation
topologies, such as series, parallel, LCL, and LCC, have been
proposed and studied [8], [9].

The series-series (SS) compensation has been widely used
due to its simplicity [10]. There is only one capacitor at each
side, which reduces the system size and cost. The working prin-
ciple and frequency property have been well investigated. If the
self-inductance is compensated, it works as a current source to
charge the battery [11]. Further studies also show a good load-
independent performance, which means the charging current is
immune to the variation of battery voltage [12], [13]. During
the entire charging process, the equivalent load resistance varies
with the charging power [14], and the circuit parameters can
be optimized to achieve a relatively high efficiency [15], [16].
Also, since the relative position between the transmitter and
receiver changes in a dynamic system [17], the system power
is affected. Therefore, some studies attempt to maintain stable
transfer power through the system structure and control strategy
design [18], [19]. In addition, a current-fed half-bridge config-
uration can be further applied to improve the performance, in
which the current stress on the voltage source inverter (VSI) is
reduced and the light load instability is mitigated [20].

When an IPT system is applied to charge an automatic guided
vehicle (AGV), it has two benefits. First, the size of the on-board
battery pack can be reduced. Second, since the AGV can be
charged in the loading and unloading status, the effective work-
ing time can be significantly increased [21]-[23]. However, the
height of the AGV chassis is usually in the tens of mm, and
it can even decrease to a few mm in the full-loading condition
[24]-[26]. This short distance between the transmitter and re-
ceiver can lead to a coupling coefficient close to 1.0, resulting
in a tightly-coupled IPT system. In this scenario, the coupling
coefficient is also sensitive to the airgap variation. Moreover, the
battery voltage on an AGV is usually 24 V due to the safety re-
quirement, but the current should be high to reduce the charging
time. Therefore, the low-voltage and high-current working con-
dition introduces extra difficulties in designing an IPT system
for the charging of AGVs.

Typically, there are three possible solutions to achieve a
tightly-coupled IPT system for AGV charging: LLC converter
[27], SS compensation, and LCC compensation [5]. The LLC
converter can eliminate the receiver side capacitor. However, it
works as a voltage source and requires precise frequency tuning
during the charging process, which increases the system com-
plexity. Moreover, when there is airgap variation, the charging
current can be dramatically changed, which is difficult to use in
areal system. The double-sided LCC compensation can achieve
a constant current, but the AGV side space cannot support so
many bulky passive components.

Therefore, this paper proposes to apply the SS circuit in this
design. Its simple structure can reduce the system cost. When the
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self-inductance is compensated, the circuit works as a constant-
current source, and the charging current can be easily controlled
by tuning the input-side voltage, which is convenient for the
practical implementation. In the study of the SS compensated
IPT system for the AGV charging application, the paper has
three main contributions.

First, this paper reveals that there is a large amount of high-
order harmonic currents in a tightly-coupled SS compensated
IPT system. The theoretical calculation shows that when the
coupling coefficient is close to 1.0, the high-order harmonic
currents becomes very significant.

Second, this paper quantifies the impact of the high-order
harmonic currents on the efficiency of the tightly-coupled IPT
system. In the previous study of the loosely-coupled IPT system,
increasing the coupling coefficient helps increase the efficiency.
However, the tightly-coupled system is different. This paper
shows that the efficiency is reduced by the harmonic currents in
a tightly-coupled system.

Third, this paper proposes an effective method to design the
circuit parameters, which can solve the problems of high-order
harmonic currents and the efficiency drop. A parameter 7 is
proposed as the guideline to design the circuit parameters. The
experimental results validate that the current distortion is limited
and the high-efficiency working status is realized.

The previous study on harmonics in an IPT system mainly
focuses on the loosely-coupled IPT system. The waveform dis-
tortion is small in the full-load scenario, and the distortion of
the current only occurs in the light-load condition [28]-[30]. In
order to reduce the harmonics, there are mainly three methods.
First, an additional low-pass filter is added in the circuit [30],
and the cost and weight are increased. Second, a multi-level
inverter is used to eliminate the high-order harmonics from the
input excitation side, and extra hardware circuit is required,
which also increases the system complexity [31]. Third, the
phase-shift control is used in the inverter to eliminate the selec-
tive order of harmonics [32]-[34], but this method cannot make
full use of the input-side dc bus voltage. Since the third-order
harmonic is difficult to be fully-eliminated, it can be used to
transfer power instead, and the circuit is designed to resonate at
the third-order frequency [35]-[37]. In some other applications,
this design can also support multiple receivers at the fundamen-
tal and third-order frequency, respectively [38].

Different from the conventional loosely-coupled IPT system,
one distinguishing challenge of a tightly-coupled IPT system
is that the high-order harmonics occur in both full- and light-
load conditions. Moreover, in a loosely-coupled IPT system,
the maximum THD is usually lower than 30%. However, this
paper shows that the maximum THD of a tightly-coupled IPT
system can exceed 200% if the parameters are not well designed.
Therefore, it is more meaningful to study the harmonics in a
tightly-coupled IPT system. In addition, since the THD of a
loosely-coupled IPT system is relatively small, the influence on
the efficiency and power is negligible and the studies in [39]
and [40] are reasonable. As an improvement to the previous
work, this paper shows that the efficiency and power analysis
need to be amended due to the large amount of harmonics in a
tightly-coupled IPT system.
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Fig. 1.  Circuit topology of an SS-compensated IPT system.
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Fig. 2. Simplified circuit topology of an SS-compensated IPT system.

II. HIGH-ORDER HARMONIC ANALYSIS
A. Circuit Working Principle

The circuit topology of an SS-compensated IPT system is
shown in Fig. 1. The parameter relationship is shown below.

{LM =k-I, L,

wozl/\/LlCl :1/\/L202 (1)
The mutual inductance is defined as L,;, and the resonant
angular frequency is defined as wy. To analyze its working prin-
ciple, the circuit is simplified in Fig. 2. The magnetic coupler is
represented by a T model. Two square-wave sources V; and V,
are used to represent the excitations, and the phase difference
between V7 and Vs is defined as 0. If Vs is set as the reference
phasor, the voltages V; and V, are expressed as in (2).

Vi = |Vin| -4/ - [sin (wot + 6) + sin (3wot + 360)/3 + .. ]

= ZE,O:I,&,... (Vl,n)
Vo = [Vour| - 4/7 - [sin (wot) + sin (Bwot) /3 + .. ]

= 220:1,3,.“ (VZ,N)
(2

It shows that V; and V5 both contain the fundamental and
high-order harmonics. The magnitudes of the fundamental parts
are specified as |V 1| = 4/7m x |Vi,, | and [Va1| = 4/7 X [Vouel.
Then, the superposition theory is used to analyze the circuit.

When the resonant circuit is excited only by V;, the pri-
mary and secondary currents induced by V; are defined as
1, and I,. At the high-order harmonic frequency w, = nwy
(n=3,5,7,...), two equivalent impedances Z;,, and Z;,
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are defined in Fig. 2, and expressed as (3) shown at the bottom
this page.

When only V; is excited, according to Fig. 2, the currents I},
and I, are further calculated as

Ilp = ‘/I/Zmp (4)
DLy = —1y - Zup/ [jwo(La — Lar) + 1/(jwoC)]

By substituting (3) shown at the bottom of this page, into (4),
1y, and I, are further calculated as in (5). Both the fundamental
and high-order frequencies are considered. Different frequency
components can be analyzed separately. Since this is a linear cir-
cuit, the results can be added to get the expressions of I}, and I,,.

. o0
Ilp - Zn:3,5,... Vl-,n

(= 1) [ [k (1= 1) = 12))]

Ly, =Via/ (jwoLar)

—2nas Vl.nkz/ [J‘WOLM"' ((1 - 1/"2)2 - k2)}
)
It shows that I}, only contains the high-order harmonics, and
1, contains both fundamental and high-order components.
When the resonant circuit is excited only by Vj, the pri-
mary and secondary induced currents are defined as I, and I5.
Two equivalent impedances Z;,,s and Z);s are also defined as

in Fig. 2. Then, from the circuit, the currents I}, and I, are
calculated as

IZS - ‘/Z/Zz'ns (6)
Ly =—1 - Zys/ [jw(Ly — Lar) + 1/ (jwCh)]

Similarly, by substituting Vs, Zy/s, and Z;,,s into (6), I
and I, are calculated at both fundamental and high-order
frequencies

Ly = Vo /(jwoLns)

- 220:3,5,..4 %-nkz/[jWOLMn : <(1 - 1/n2)2 - kz)}
L = Z;C:&,s,m VZ,n
(U= 1/m2) [iwoLan- (1= 1/n2) = 2) ]

(N

It shows that I, only contains high-order harmonics, and I}
contains both fundamental and high-order components.

B. Analysis of Phase Difference 6 Between Vy and Vs

According to the superposition theorem, the currents excited
by the two sources can be added together, resulting in I and /I,
as shown in Fig. 2. Then, in the time domain, 7 (f) and I»(f) are
calculated as in (8). It means that each current relates to both

Zﬂ,[p = ijLj\,]n [(1 — 1/’/7/2) — k‘zL]/L]w] /(1 - 1/71,2)

Zinp = jwoLy - [(1=1/n2)" = k2] /(1= 1/n?)

n=3,57,... 3)
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Fig. 3. Normalized current I, (0)/(—1I) at different coupling coefficient k.

voltage sources.
®)
L(t) = Iy (t) + L (1)

In the secondary rectifier, the diodes commute when the cur-
rent Iy changes direction. Therefore, the secondary current I,
should be zero when the voltage V; is zero, which means

1,(0) = 0= L, (0) + 1, (0)

{Il(t) = Ly (t) + L1s(t)

C))

This relationship between I»,(0) and I»,(0) will be used to
derive the phase angle 6 between the two voltage sources.

First, we can look at I55(0). According to (7), when ¢ = 0,
the current I, (0) can be calculated and simplified as

1 (0) = = [Vaa[ / (woL2)

X i (n*—1)/ ((n2 - 1)2 - n4k2>

n=3,5,...

~1,)2

S (W= R) =) 1/ (R0 - 1))

n=3,5,...
= —I,7/8[A (cot(Am/2) — 2 cot(Am))

+B (cot(Bm/2) — 2 cot(Bm))] (10)

where I, A, and B are defined as
I, =|Vaq|/ (woln) , A=1/V1—k,B=1/vV1+Ek (11)

Therefore, for a given coupling coefficient &, the current
I,5(0) can be calculated using (10) and (11). Then, the nor-
malized I,4(0) with respect to (—1) is shown in Fig. 3.

Fig. 3 shows that, in a loosely-coupled IPT system when k
is much smaller than 8/9, the normalized current increases with
k. However, in a tightly-coupled IPT system when & is close to
1.0, the singular working condition for the high-order harmonic
is

ky=1—1/n*n=3,571,... (12)

At the singular coupling coefficient k,, the magnitude of
the current I, (0) is approaching infinity, which is an unstable
working condition we should avoid.
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Fig. 4. Phase difference 6 between V; and V> at different values of r; and k.

Second, we can look at Ip,(0). According to (5), when
t =0, I, (0) is calculated as

I | . . . n2k%sin(nd — 90°)
Ly (0) = 5= | sin(6 — 90°) - > T

n=3,5,...
13)

where, I,y is defined as

Ly =|Vial/ (wov Lle)

Similarly, (13) also shows the same singular coupling co-
efficient &, as in (12). At the singular conditions, there are
significant high-order harmonic currents as indicated in (10)
and (13). In addition, the singular conditions are close to each
other, meaning the system is sensitive to parameter variations.
Therefore, a practical IPT system should avoid working around
the singular range.

Therefore, according to (9), (10), and (13), the phase dif-
ference 6 between V; and V5 is calculated. In the calculation
process, a parameter 77 is proposed and defined as the in-out
ratio, which is expressed in (15).

_ Ly Vil Vi

Is N |‘/2,1‘ \/Ll

This in-out ratio r; represents the relationship between the
input and output voltages, and also the relationship between the
input and output self-inductances. It is used as the guideline to
design the circuit parameters of a tightly-coupled IPT system.

Then, 6 is expressed at different ; and & in Fig. 4. It shows
that 6 increases with an increasing k and a decreasing ;. In
a loosely-coupled IPT system with a relative low &, 6 is close
to —90°. However, in a tightly-coupled IPT system, when k is
approaching 0.80, # can be even lower than —115°.

(14)

5)

C. Calculation of the High-Order Harmonic Currents

Based on the phase difference 6, the fundamental currents
I, 1 and I ; at the input and output sides are expressed as

Iy = I /k - sin (wot — 90°) 6
Ly = I, [k - sin (wot + 6 — 90°)
where, I, and I); are defined as
I, = Vial/ (woli), Ly = IVz,ll/(wO\/E) (17)
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Fig. 5. Total harmonic distortion (THD) at different values of r; and .

Also, the nth (n =3, 5,7,...) high-order harmonic current is
Lin(t) =1, (n* —1)
. 2
-sin(nwot + nb — 900)/ {(n2 -1)" - n4k:2]
—Irk - n? - sin(nwot — 900)/ [(nz — 1)2 — n4k2}
DLy (t) = Ik - n?
. 2
-sin(nwot + nb — 900)/ {(n2 -1)" - n4k:2]
+1I; (n* — 1) - sin(nwot — 900)/ [(n2 — 1)2 — n4k2}
(18)

The total harmonic distortion (THD) of the primary and sec-
ondary currents /; and /5 are defined as

THD, = \/Zn“ |Ilyn|2/ 11|, THD,

_ o0 2
o \/271—3,5,.4. |12,n| /|IQ’1

Therefore, based on the fundamental and harmonic currents
in (16) and (18), the current distortion is shown in Fig. 5. It
shows that the THD increases with k, which means a tightly-
coupled IPT system generates more harmonics than a loosely-
coupled system. When the ratio r; increases, the primary current
THD increases to an extremely large value, which needs to be
avoided. To clarify, the calculation also shows that the third-
order harmonic dominate the distortion.

19)

D. System Power and Efficiency Analysis

At the fundamental frequency wy, the system power is
Pr={Vial-[Vaal/ (2woLar) - sin (—6) (20)

It shows the relationship between the fundamental power Py
and the circuit parameters. For the high-order harmonics, the
harmonic power P, is calculated as

Py = Vil Vaal / uoLg) - K2/ [ (n? = 1)" = k]
-sin (nf) ,n =3,5... (1)

It shows that the harmonic power relates to its order number
n. Then, the total harmonic power is defined as P, and the
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Fig. 7. Maximum achievable efficiency of an SS-compensated IPT system
when Q = 100, considering high-order harmonic currents.

system output power F,,; can be expressed as

Pui=Pi+ > P,=P+P=P-(1+9),
n=3,5,...

60="P,/P (22)

Based on the calculated phase difference 6 in Fig. 4, and
the THD in Fig. 5, the normalized total harmonic power § is
calculated as shown in Fig. 6.

It shows that P, increases with the increasing r; and k, which
means the high-order harmonic currents contribute to power
transfer. However, it also shows this contribution is limited. For
example, when r; = 4.0 and k = 0.8, the harmonic power P, is
only about 14% of the fundamental power P; .

In an IPT system, the power loss P, ss consists of conductive
loss P,,,q and magnetic loss P, ., [41]. The magnetic loss
Py, 44 can be expressed by the Steinmetz equation as

Pmag = Crn f:wBﬂ (23)

where B is the magnetic field density, and C,,, «, and (3 are
three coefficients related to the magnetic material. For example,
these values are C,,, =2.08 x 107°, o« = 1.43, 3 = 2.41 for
PC40. When only the fundamental current is considered, the
maximum efficiency is analyzed in [2], [39] and [40]. However,
when the high-order harmonics are considered, the efficiency
reduces. Therefore, based on Fig. 5, the maximum achievable
efficiency of an SS-compensated system is shown in Fig. 7,
where the quality factor Q of the resonant circuit is 100 as an
example.

Fig. 7 shows that, if the high-order harmonic currents are
neglected, the system efficiency keeps increasing with k. It is
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| Design magnetic coupler according to the physical requirements |
v

| Given input and output voltages and frequency |

| Calculate combinations of L and L, using power equation (20) |

Select initial value of 7, according to the THD
and efficiency requirements in Figs. 5 and 7.

¥
| Calculate the circuit parameters according to definition of 7;in (15) |

¥

I Calculate capacitances according to the resonances in (1) | Modify the
15 value of r;

| Simulate circuit performance in software |

No

erify THD and efficienc
Yes
I Finalize parameter values I

Fig. 8. Design procedure of a tightly-coupled IPT system considering the
THD and efficiency.

true in a loosely-coupled IPT system, because the high-order
harmonics are small. However, in a tightly-coupled IPT system,
it is different. With relatively large k and 77, the high-order
harmonics are significant and the efficiency is decreased. For
example, when r; = 4.0 and k = 0.8, the THD of the I; is 200%,
and the efficiency reduces to 78%. Then, in a tightly-coupled
IPT system, parameters should be designed properly to reduce
the high-order harmonics and maintain the high efficiency.

II. A DESIGN EXAMPLE OF AGV CHARGING
A. Discussion on Parameter Design Method

According to the above analysis, it shows that the system
performance closely relates to the coupling coefficient k and the
in-out ratio r;. Usually, the system design target is to reduce the
THD and improve the efficiency. For the coupling coefficient &,
it is very high in a tightly-coupled system that can cause har-
monics. For the in-out ratio ry, it is used to reduce the harmonics
and maintain the system efficiency. Based on its definition, r;
relates to two kinds of parameters: the external ones (input and
output voltages V; and V5) and the internal ones (input and out-
put inductances L; and Ly). According to (15), when the input
and output voltages are given, increasing the primary inductance
L, is the key to reduces harmonics.

The step-by-step design procedure of a tightly-coupled IPT
system is shown in Fig. 8. First, the magnetic coupler is de-
signed according to the physical requirements, providing the
coupling coefficient and the single-turn inductance value. Sec-
ond, with the given input and output voltages and the switching
frequency, the product of L; and L, can be calculated using
the power equation (20). Then, according to the THD and effi-
ciency requirements in Figs. 5 and 7, a proper initial value of
ry 1s selected. Third, the inductance L; and Ly can be further
determined using the definition of ; in (15). Also, the compen-
sation capacitances are calculated using (1). Fourth, the circuit
performance is simulated. If both the THD and efficiency satisfy
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Fig. 9. Inductance L; and Ly at different values of k and ; in a 1.8 kW IPT
system when V;,, =400V and V,,,,; = 24 V.

the requirements, we can finalize the parameters and finish the
process. If not, we need to modify r; (usually, reduce its value),
and repeat the third step until both the THD and efficiency re-
quirements are satisfied.

B. AGV Charging Example Design

A low-voltage and high-current IPT system is designed for
the AGV charging using the proposed design method above.
The input dc voltage V;,, is 400 V, and the battery voltage V.,
is only 24 V. From (17), L, and L, are calculated at different
values of k as the solid lines in Fig. 9. Then, according to (12),
L, and L, can also be calculated at different values of r; as the
dashed lines in Fig. 9.

In Fig. 9, the system power is maintained at 1.8 kW for
different values of k. The special combinations of L; and Ly are
labeled as the cross points at different values of k and ;. When
k increases, L; and L, trend to decrease. For a specific value of
k, increasing L; helps to reduce r;. According to Section II, the
decrease of r; can reduce high-order harmonics and maintain
high efficiency.

C. Circuit Performance Simulation

Based on the combinations of L; and Ly in Fig. 9, the system
performance is simulated in LTspice. The switching frequency
is 85 kHz and. When r; = 1.0, the simulated waveforms of I;
and (-I) at different values of k are shown in Fig. 10. It shows
that both /; and (-I5) are distorted when k increases, which
agrees with the calculation results Fig. 5.

According to the simulations, the circuit parameters should
be designed to limit r; and k, which is the guideline in designing
an IPT system. Therefore, in an AGV charging application, k is
designed to be around 0.70 and r; is designed to be around 1.0,
resulting in the parameters as shown in Table I.

III. EXPERIMENTAL VALIDATION

A. Prototype Implementation

According to Table I, a prototype of a tightly-coupled IPT
system is implemented as shown in Fig. 11.

The magnetic coupler size is 220 mm x 220 mm X 10 mm.
In the zero- and full-loading conditions, the airgap varying
range is from 5 mm to 15 mm. The turn-ratio is an important
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TABLE I
CIRCUIT PARAMETERS OF A 1.8 kW IPT SYSTEM FOR THE AGV CHARGING
Parameter Value Parameter Value
Vi, 400 V Vou 24V
Sfow 85 kHz k 0.70
L 180 uH L, 0.8 pH
C 19.5 nF C, 4382.4 nF

I Electronic

DC Load

Airgap distance
Smm-15mm

Fig. 11.  Prototype of an IPT system for the AGV charging application.

parameter in the coil structure design. The primary coil turn-
number is defined as IN,,, and the secondary coil turn-number
is defined as Ny, resulting in the turn-ratio defined as N; =
N, /N;. To achieve the inductances in Table I, for the primary
coil, there is N, = 20. It is wound by the 600-strand AWG 38
Litz-wire, resulting in a current density of 1.5 A/mm?. For the
secondary coil, since L, is relatively small and conducts a very
high current, there is Ny = 1, resulting in a turn-ratio NV, as 20,
which is mainly caused by the large difference between the high
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Fig. 12.  Experimental waveforms of an AGV system when airgap = 10 mm.

input and low output voltages. In practice, Ly is wound by ten
Litz-wires in parallel to limit its current density to 2.5 A/mm?>.

B. Experimental Results When Airgap = 10 mm

When the input voltage is set to the nominal value 400 V
and the output dc voltage is 24 V, the experimental waveforms
are shown in Fig. 12. The input and output waveforms are all
presented. It validates that both /; and (-5) are distorted, which
means there are high-order harmonic currents in the system. Due
to the range limit of the current probe, only 1/8 of the output
current is measured.

Meanwhile, the output power reaches 1.8 kW with a dc-dc
efficiency of 89.9% from the dc source to the dc load. The
measured output voltage is 24.2 V, and the output current is
74 A, validating a low-voltage and high-current system.

In the experiment, the capacitance C; is tuned to 24.5 nF in
order to achieve the soft-switching condition for the input-side
inverter. Therefore, the switching loss can be eliminated. The
silicon carbide (SiC) MOSFETSs (C2M0025120D) and low-loss
Schottky diodes (DSSK40-008B) are used in the system. At the
output side, two diodes are connected in parallel to reduce loss.
Then, the loss breakdown is performed based on the datasheets
and the quality factor of the passive components. Not including
the power losses in the inverter and diode rectifier, the ac-ac
efficiency of the resonant circuit is about 95.5%, which vali-
dates that the designed tightly-coupled IPT system works in a
relatively high-efficiency status.

Most of the power loss (58%) lies in the rectifier. In this low-
voltage and high-current scenario, the battery voltage is 24 V,
while the charging current is as high as 74 A. According to its
datasheet, the voltage drop of each device is only 0.68 V at 40 A
forward current. Considering that the typical voltage drop of a
silicon P-N junction is about 0.70 V, this device is closed to the
optimal option. In future design, to further reduce the power loss
in the rectifier, the active synchronous rectifier using low-loss
MOSFETsS can be adopted at the receiver side.
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15 mm.

When the input voltage increases from a low value to the
nominal value (400 V), the system output power and efficiency
are measured in Fig. 13, indicating the low load performances.
The transfer efficiency increases with the output power. The
designed system can maintain a high efficiency over a wide
output power range. Particularly, in the low load condition,
the system can still maintain a high efficiency. For example,
as long as the output power reaches 400 W, the dc-dc efficiency
can be higher than 89%. Therefore, the proposed system is suit-
able for a practical application to charge the AGVs.

C. Airgap Variation Experiments

Experiments are conducted in different loading conditions
and different values of coupling coefficient k. In the zero- and
full-loading conditions of a practical AGYV, the airgap distance
varies between 5 mm and 15 mm, resulting in a coupling coeffi-
cient between 0.60 and 0.75. The experimental results of output
power and efficiency are shown in Fig. 14.

Fig. 14 shows that the power variation is within £350 W
in the zero- and full-loading conditions, which can be easily
compensated by regulating the input voltage. Meanwhile, the
efficiency is not significantly affected by the airgap variation,
and it varies from 89.6% to 89.9%, which is acceptable for a
practical system. When the airgap increases, the slight drop of
efficiency is caused by the decreases of coupling coefficient.
Considering the high efficiency over a wide working range, the
designed SS-compensated IPT system can be used for the AGV
charging application.
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TABLE II
FFT ANALYSIS OF THE INPUT CURRENT /] AT DIFFERENT AIRGAP DISTANCES

mﬂonic 31 50 7" 9

5 mm 37% 9.3% 7.0% 2.8%
10 mm 31% 9.1% 6.2% 3.0%
15 mm 21% 8.2% 5.1% 2.9%

Moreover, the FFT analysis of /; is conducted as shown in
Table II. The third-order harmonic dominates the input current
distortion and the other high-order harmonics are small, which
validates the circuit analysis in Section II. When the airgap
distance is 10 mm, the coupling coefficient is 0.70 and the THD
of 1, is 32%, which agree with the analysis in Fig. 5. When the
airgap is 5 mm, k increases to 0.75 and the THD of /; increases
to 37%. According to the efficiency analysis in Fig. 7, although
the current distortion is visible, the induced power loss by the
high-order harmonic currents is not significant. Therefore, the
system can maintain a relatively high working efficiency when
the airgap distance varies.

In the future research, the other circuit topologies can be
studied using the similar method proposed in this paper. For ex-
ample, the double-sided LCC circuit can help reduce harmonic
currents. In a practical application, the compensation inductors
can be integrated into the main coil to save space. For given input
and output conditions and physical requirements, a comprehen-
sive methodology can be developed to provide the guideline for
system design. To sum up, more research work will be contin-
ued to further improve the performance of the AGV charging
system.

IV. CONCLUSION

This paper proposes an SS compensation circuit to realize a
low-voltage and high-current IPT system for the AGV charging
application. The circuit working principle and efficiency are
analyzed at different coupling coefficient and circuit parameter
combinations. This paper made three main contributions. First,
the problem of the high-order harmonic currents is discovered
in a tightly-coupled IPT system. Second, it is shown that the
harmonic currents can reduce the system efficiency. Third, this
paper proposes a circuit design method to reduce the harmonic
currents and maintain the system efficiency. A low-voltage and
high-current IPT system is implemented. It achieves 1.8 kW
power transfer with a dc-dc efficiency of 89.9% from a 400 V
dc source to a 24 V battery load. When the airgap varies between
5 mm to 15 mm, the output power variation is within £350 W
and the transfer efficiency is not significantly influenced.
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