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Abstract: This study presents an inductive power transfer (IPT) system for electric vehicles (EVs)
based on EE-shaped ferrite cores. The issues of the IPT system such as efficiency, air gap, displacement,
dislocation, and motion are discussed. Furthermore, finite element analysis software is utilized to
simulate the IPT system operated under large air gap conditions. Simulation and measurement
results are presented to validate the performance of the proposed scheme and meet the requirements
for bus-stop-powered EVs.
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1. Introduction

As the air pollution problems caused by gasoline-powered vehicles have become more and
more serious, electric vehicles (EVs) [1-3] or hybrid EVs have been regarded as good solutions and
gained increasing attention. However, the batteries used in EVs or hybrid EVs have some significant
disadvantages, such as high cost and heaviness, limited capacitance and charging/discharging cycles,
and long charging time, etc. The roadway-powered EVs [4-8] scheme has therefore been discussed to
reduce the battery capacitance and to extend the driving range. This study would like to furthermore
present the inductive power transfer (IPT) system [9-13] for bus-stop-powered EVs [14] with much
less cost than the roadway-powered EVs system.

Figure 1 shows the IPT system for bus-stop-powered EVs or hybrid EVs. The active front-end
(AFE) converter is utilized as interface between the AC voltage grid and DC voltage grid. The
advantages of the AFE converter are bidirectional power flow and low total harmonic distortion
(THD) of the line current. The primary side of the IPT system is DC-AC H-bridge inverters. The
multi-H-bridge inverters are utilized to increase the transfer power and efficiency of the IPT system.
The secondary side of the IPT system is a pick-up coil and receiver built in the EVs or hybrid EVs. The
IPT receiver is utilized to charge up battery or supply power to motor through the inverter. The IPT
system for moving EVs or hybrid EVs is convenient for charging up battery and could also extend
driving range. Furthermore, the position regulation sensors of the IPT system are utilized to control
the operation of multi-H-bridge inverters and improve the efficiency of the IPT system.
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Figure 1. Inductive power transfer system for bus-stop-powered EVs or hybrid EVs.

2. Inductive Power Transfer System

Figure 2 shows the simplified IPT system based on EE-shaped ferrite cores for bus-stop-powered
EVs or hybrid EVs. As shown in Figure 2a, the DC bus voltage is V4., the DC-AC H-bridge inverter
is utilized to generate the high frequency square wave voltage Vi,. The EE-shaped ferrite cores are
utilized to transfer the power to secondary side load (by pick-up coil and receiver). The primary
inductance and secondary inductance are L, and Ls. The mutual inductance is M (=Ly;). The coupling

coefficient (k) is defined as in (1):
M

Tole @

As shown in Figure 2b, the dimensions of the EE-shaped cores are A (80 mm), B (38 mm),

C (20 mm), D (28 mm), E (59 mm), F (20 mm), G (F/2), H (E/2-F/2), and I (A/4-E/4). The material

of the EE-shaped cores is 3C90 made by Ferroxcube (New Taipei City, Taiwan, R.O.C.). The relative

permeability is 2300 (permeability of free space: 47t x 10~7 H/m). Figure 2c shows the equivalent

circuit of the primary series resonant and secondary parallel resonant (SP) topology IPT system and
Figure 2d shows the secondary parallel resonant (P) topology IPT system, respectively.

k=

esfiealies

[PT system

(3
/
@)
AE
71
A I%
.
A
ﬁ
Hg
2
._w_.
_U_

EE-shaped
Cores 7
H-bridge
Inverter
(a)
Cy 1 sLip . sLis Is

(©) (d)
Figure 2. Simplified inductive power transfer system. (a) Circuit of the IPT system; (b) EE-shaped
cores; (¢) Equivalent circuit of the SP topology; (d) Equivalent circuit of the P topology.
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The mutual inductance is M (=L;;) and the equivalent resistance of core loss is R;;. The primary
and secondary leakage inductances are Ly, and L as in (2).

Llp = (1_k)Lpr L = (1_k)Ls (2)

The primary and secondary resistances are r, and rs. The load is simplified as R;. The primary
series resonant capacitor is Cp and the secondary parallel resonant capacitor is Cs. The transfer function
of the SP topology IPT system is given as in (3):

VOth(S) S2 x Cp X Ly X RL/[Rm X (RL + 1’5)]

= ®)
2 2
Vin(8) (14 55) x (H‘%Hiﬁl) x (1+§,fizzs+572)
The pole (s = —Pp) operated at the high frequency domain is as in (4):
1 1
=Ry x(+—++—++— 4
PH m (Llp L Lm) (4)
The complex-conjugate poles operated at the low frequency domain are as in (5):
s=—(C1tjA/1— D) wm 5)
where the damping ratio is {1 = rpCpwy1/2, natural undamped frequency is w,1 = 4/1/Cp(Lyp + Lm)
and resonant frequency is wy; = 4/1— %wnl, respectively.
The complex-conjugate poles operated at the middle frequency domain are as in (6):
s=—(G2+j\/1-35)wn (6)
where the damping ratio is {, = 1/2R; Cswy», natural undamped frequency is wy, = %
Cs(Lys+ %)
and resonant frequency is wyy = 4/1 — (5w, respectively.
According to (3), the transfer function of the IPT system with P topology is reduced as in (7):
Vout(S) _ S X Ly % RL/(Tp X (RL + 7‘5)) @)

i/ 2
Vin(s) (1+ﬁ)X(1+piH)x(1+%s+uj72)
The high frequency pole (s = —Pp) is as in (4) and the low frequency pole (s = —P;) is as in (8):

pL =rp/(Lip + Lm) (8)

The complex-conjugate poles operated at the middle frequency domain are as in (9):

s =—((xj\/1=0)wn ©)
where the damping ratio is { = 1/2R; Cswy,, natural undamped frequency is w;, = %
Cs(List 1, 71m)

P

and resonant frequency is w, = /1 — {?wy, respectively.
According to (3) and (7), there are two pairs of resonant poles in the SP topology IPT system and
one pair of resonant poles in the P topology IPT system.
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3. Frequency Response of the IPT System

The parameters of the IPT system are as follows: the primary inductance and secondary
inductance are Lp (325 pH) and Ls (325 pH). The primary series resonant capacitor is Cp (0.2 uF)
and the secondary parallel resonant capacitor is Cs (0.2 uF). The resistances r, and rs are 0.72 ). The
load resistance Ry is 100 Q).

Figure 3 shows the frequency response of the IPT system based on EE-shaped cores with varied
air gap (fsw: 10-100 kHz). In SP topology, the resonant frequencies w;; and wyy move to each other as
the air gap is increased as shown in Figure 3a. In P topology, the resonant peak value is decreased as
the air gap is increased as shown in Figure 3b. Therefore, the SP topology is suitable for a large air gap
IPT system and the P topology suits a small air gap IPT system. The coupling coefficient and resonant
frequency of the IPT system with varied air gap are given in Table 1.

Table 1. Coupling coefficient and resonant frequency of the IPT system with varied air gap.

Gap 5mm 10 mm 20 mm
Ly, 217.7 uH 237.2 uH 282.7 uH
Ly 217.7 yH 237.2 uH 282.7 uH
Ly 107.3 uH 87.8 uH 423 uH

k 0.33 0.27 0.13

Wy 15 kHz 17 kHz 20 kHz
Wy 23 kHz 22 kHz 20 kHz
Wr 20 kHz 20 kHz 20 kHz
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Figure 3. Frequency response of the IPT system based on EE-shaped cores with varied air gap. (a) SP
topology (MATLAB); (b) P topology (MATLAB); (c) Input power and output power of SP topology
(test results; V4.: 30 V); (d) Input power and output power of P topology (test results; V4 : 30 V).

Figure 3c shows the input power and output power of the SP topology IPT system with varied air
gap (test results; V4.: 30 V). The resonant frequencies of the IPT system are 15 kHz (w,;) and 23 kHz
(wy2) under air gap 5 mm, 17 kHz (w,1) and 22 kHz (w;7) under air gap 10 mm, and 20 kHz (w1 2)
under air gap 20 mm, respectively. The input power and output power are increased and the efficiency
is decreased as air gap increased. The measurement results of the SP topology IPT system are given in
Table 2. Figure 3d shows the input power and output power of the P topology IPT system with varied
air gap (test results; V4.: 30 V). The input power, output power, and the efficiency are decreased as air
gap increased. The measurement results of the P topology IPT system are given in Table 2. As shown
in Figure 3, the measurement results agree with the simulation results produced by using MATLAB.

Table 2. Input power, output power, and efficiency of the IPT system.

Ga 5mm wyq: 5 mm wy: 10 mm wyq: 10 mm wyo: 20 mm wyq2:
SP P 15 kHz 23 kHz 17 kHz 22 kHz 20 kHz
TOPOLOGY Input power 30 W 66 W 45W 72W 177 W
Output power 28 W 59.3 W 384 W 64 W 136.9 W
Efficiency 94% 90% 85% 89% 77%
. . 20 mm wy:
Gap 5 mm w,: 20 kHz 10 mm w,: 20 kHz 20 kHz
PTOPOLOGY 1t power 132W 72W 39W
Output power 119W 55 W 1.6 W
Efficiency 90% 77% 40%

4. Simulation and Experimental Results

Figure 4 shows the prototype of measurement for the P topology IPT system operated at small
air gap. The multi-H-bridge inverters are utilized to increase the transfer power and efficiency of the
P topology IPT system as shown in Figure 4a. The X-Z table and controller are utilized to move the
pick-up coil and IPT receiver along the X-axis as shown in Figure 4b. The parameters of measurement
are the same as Section 3. The issues of the IPT system [13] such as efficiency, air gap (Z-axis),
displacement (X-axis), dislocation (Y-axis), and motion (X-axis) are discussed as follow:
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Figure 4. Prototype of measurement for the P topology IPT system. (a) multi-H-bridge inverters
(b) prototype of measurement.

4.1. Air Gap

Figure 5 shows the efficiency, input power, and output power of the P topology IPT system based
on one H-bridge inverter with varied air gap and operating frequency. The switching frequency (fsw)
is from 10 kHz to 100 kHz. As shown in Figure 5a, for various operating frequencies, the IPT system
exhibits superior performance at the resonant frequency (20 kHz). The efficiency of the IPT system is
decreased by increased operating frequency. Table 3 shows the efficiency, input power, and output
power of the P topology IPT system at 20 kHz. The maximum efficiency of the IPT system is 93% at
air gap 5 mm. Figure 5b shows the efficiency, input power, and output power of the IPT system with
varied air gap from 5 mm to 65 mm (fsw: 20 kHz). The efficiency, input power, output power, and
power loss of the IPT system are 50.9%, 49.5 W, 25.2 W, and 24.3 W (gap: 21 mm). The performances of
the P topology IPT system are increased by a decreased air gap.
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Figure 5. Cont.
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Figure 5. Efficiency, input power, and output power of the P topology IPT system with varied air gap
and frequency (Vq.: 150 V; Rp: 100 Q). (a) Efficiency, input power, and output power; (b) Varied air
gap from 5 mm to 65 mm (20 kHz); (c) Varied load (20 kHz).

Table 3. Efficiency, input power, and output power of the IPT system with varied air gap at 20 kHz.

Air Gap (mm) 5 10 20
Efficiency 93% 85% 60%

Input Power(W) 300 150 54

Output Power(W) 278 128 32

Figure 5c shows the efficiency of the P topology IPT system with varied load 50-1000 Q) (V4.: 150 V;
fsw: 20 kHz). The efficiency, input power, and output power of the P topology IPT system are 85%,
150 W, and 128 W under load 100 2 (gap: 10 mm). The efficiency, input power, and output power of
the P topology IPT system are 79%, 150 W, and 119 W under load 200 ) (gap: 15 mm). The efficiency,
input power, and output power of the P topology IPT system are 72%, 120 W, and 86 W under load
300 Q) (gap: 20 mm). The efficiency of the P topology IPT system is affected by the load and air gap.
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4.2. Displacement

The displacement is defined as moving along the X-axis. Figure 6 shows the displacement effect of
the IPT system based on one H-bridge inverter with varied air gap from 5 mm to 40 mm (fsw: 20 kHz).
Table 4 shows the efficiency, input power, output power, and power loss of the IPT system. Table 4 is
for displacements of 10 mm and 20 mm, respectively. The performances of the IPT system are increased
by decreased displacement.

100 ‘ ‘ ‘

Efficiency(%0)

Pin(W)

Figure 6. Displacement effect of the IPT system with varied air gap from 5 mm to 40 mm (V4.: 150 V;
fsw: 20 kHz). (a) Efficiency, input power; and output power (b) Displacement.

Table 4. Displacement effect of the IPT system with varied air gap from 5 mm to 40 mm (fsw: 20 kHz).

Displacement Air Gap (mm) 5 10 15 20 25 30 35 40
. _ Efficiency 86.8% 73.2% 61.4% 49.5% 33.3% 22.9% 14.8% 7.4%
?‘Sl’l“eme“t' Input power (W) 219 105 72 495 37.5 315 28.5 27
0 mm Output power (W) 191.1 77.2 4.1 245 125 7.2 4.2 2
Disol  Efficiency 76.3% 62.7% 45.4% 33.3% 24.2% 15.0% 10.6% 6.0%
’ 0‘51’ acement: oyt power (W) 97.5 64.5 46.5 375 33 30 27 27
mm Output power (W) 74.4 405 21.1 12.5 8 45 29 1.6

4.3. Dislocation

The dislocation is defined as moving along the Y-axis. Figure 7 shows the dislocation effect of the
IPT system based on one H-bridge inverter with varied air gap from 5 mm to 40 mm (fsw: 20 kHz).
The dislocation effect of the IPT system with varied air gap is given in Table 5. Table 5 is for
dislocations of 10 mm and 20 mm, respectively. The performances of the IPT system are increased by
decreased dislocation.
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Figure 7. Dislocation effect of the IPT system with varied air gap from 5 mm to 40 mm (fsw: 20 kHz).
(a) Efficiency, input power; and output power (b) Dislocation.

Table 5. Dislocation effect of the IPT system with varied air gap from 5 mm to 40 mm.

Dislocation Air Gap (mm) 5 10 15 20 25 30 35 40
. - Efficiency 87.5% 72.1% 54.7% 41.4% 28.1% 17.1% 11% 7.4%
3)‘510“‘“0“' Input power (W) 171 87 58.5 433 36 30 28.5 27
mm Output power (W) 147.9 62.7 32 18 10.1 5.1 3.1 2
Dislocation: Efficiency 41.8% 31.2% 21.7% 18.1% 11.8% 8.1% 6.0% 4.4%
20‘5 ocation: Input power (W) 37.5 34.5 315 30 28.5 27 27 255
mm Output power (W) 15.7 10.8 6.8 5.4 33 22 1.6 1.1
4.4. Motion

As shown in Figure 4, three H-bridge inverters are connected with each primary E-shaped core and
are utilized to transfer power to a secondary E-shaped core. The width of E-shaped core is C = 20 mm
(Figure 2b). The space of each primary E-shaped core is 20 mm (Table 4). The three operation modes of
three H-bridge inverters are controlled by position regulation sensors. The mode 1H is designed as
one H-bridge inverter operated each time; mode 2H, two H-bridge inverters; mode 3H, three H-bridge
inverters, respectively. The operating range of mode 1H for each H-bridge inverter is 40 mm without
overlap as moving along X-axis. The total operating range of mode 1H for three H-bridge inverters is
120 mm. The operating range of mode 2H for each H-bridge inverter is 80 mm as moving along X-axis.
The nearby two H-bridge inverters are operated with 40 mm overlap. The total operating range of
mode 2H for three H-bridge inverters is 160 mm. The operating range of mode 3H for three H-bridge
inverters are the same range 140 mm as moving along the X-axis.

Figure 8 shows the efficiency, input power, and output power of the IPT system in motion. The
air gaps of the IPT system are 10 mm (Figure 8a) and 20 mm (Figure 8b) as moving along the X-axis.
As shown in Figure 8a,b, comparing modes 1H, 2H, and 3H, the efficiency, input power, and output
power of mode 1H vary seriously due to each H-bridge inverter being operated without overlap; the
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input power of mode 3H is high, but the efficiency of mode 3H is low due to the wide operating range
for three H-bridge inverters; the efficiency, input power, and output power of mode 2H are high and
stable due to the adequate overlap operation for three H-bridge inverters. The motion effect of the
IPT system as moving along X-axis is given in Table 6 (mode 1H), Table 7 (mode 2H), and Table 8
(mode 3H), respectively. The efficiency, input power, and output power of mode 2H are 76%, 224 W,
and 169 W (air gap: 10 mm; X-axis: 0 mm) and 51%, 107 W, and 54.1 W (air gap: 20 mm; X-axis: 0 mm).
Among mode 1H, 2H, and 3H, mode 2H exhibits superior performances of the IPT system and meets
the requirements for bus-stop-powered EVs.

—+1H
—--2H
-+ 3H

—1H
= --)H
=30
0 0
X-Axis

oo N T U O A
| | r\|nr\|nr\|n\ | _._2H
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(b)

Figure 8. Efficiency, input power, and output power of the IPT system in motion. (a) Air gap: 10 mm
(b) Air gap: 20 mm.

Table 6. Motion effect of the IPT system as moving along X-axis; mode 1H (fsw: 20 kHz).

Air Gap X-Axis (mm) —40 30 —-20 -10 0 10 20 30 40
Efficiency 85%  81% 0% 78%  85%  78% 0% 81%  85%

Air Gap: 10 mm Input power (W) 150 117 0 98 150 98 0 117 150
Output power (W) 128 95 0 77 128 77 0 95 128
Efficiency 56%  49% 0% 43%  56%  43% 0% 49%  56%

Air Gap: 20 mm Input power (W) 54 49 0 45 54 45 0 49 54

Output power (W) 30 24 0 19 30 19 0 24 30
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Table 7. Motion effect of the IPT system as moving along X-axis; mode 2H (fsw: 20 kHz).

Air Gap X-Axis (mm) —40 30 —-20 —-10 O 10 20 30 40
Efficiency 76%  76%  75%  75%  76%  75%  75%  76%  76%

Air Gap: 10 mm Input power (W) 238 240 230 230 224 230 230 240 238
Output power (W) 181 182 173 173 169 173 173 182 181
Efficiency 52%  51%  50%  49%  51%  49% 50% 51%  52%

Air Gap: 20 mm Input power (W) 115 114 114 113 107 113 114 114 115
Output power (W) 59.4 58.3 57.2 55.1 54.1 55.1 57.2 58.3 59.4

Table 8. Motion effect of the IPT system as moving along X-axis; mode 3H (fsw: 20 kHz).

Air Gap X-Axis (mm) —40 —30 -20 —10 0 10 20 30 40
Efficiency 58.1% 59.4% 59.7% 624% 63.0% 624% 59.7% 59.4% 58.1%

Air Gap: 10 mm Input power (W) 237 246 250.5 2685 2775 2685 250.5 246 237
Output power (W) 137.8 1462 149.6 1674 1748 1674 1496 1462 1378
Efficiency 31.3% 33.7% 344% 36.1% 375% 36.1% 344% 33.7% 31.3%

Air Gap: 20 mm Input power (W) 135 1425 1455 150 150 150 1455 1425 135
Output power (W) 423 480 500 541 56.2 541 50.0 48.0 423

Figure 9 shows the waveforms of the P topology IPT system operated at mode 1H. As shown in
Figure 4b, the X-Z table is utilized to move the secondary E-shaped core along the X-axis at a speed of
16.7 cm/s. The time intervals of T1, T2, and T3 are 0.24 s. The mode 1H is designed as one H-bridge
inverter operated at each time interval. Therefore, voltage (vs) and current (i) waveforms of the IPT
system are varied seriously.

T2

T1

Ve1

(a) | (b)

Figure 9. Waveforms of the P topology IPT system operated at mode 1H (air gap: 10 mm; time:
100 ms/div.; voltage: 200 v/div.; current ip1, ipp, and ipz: 5 A/div.; current is: 2 A/div.). (a) Voltages;
(b) Currents.

Figure 10 shows the waveforms of the P topology IPT system operated at mode 2H (speed:
16.7 cm/s). The time intervals of T1, T2, T3, and T4 are 0.24 s. The voltage (vs) and current (is)
waveforms of mode 2H are high and stable due to the adequate overlap operation for three H-bridge
inverters. Compared Figure 10 (mode 2H) with Figure 9 (mode 1H), mode 2H exhibits high efficiency
76%, stable input power and output power. Therefore, the P topology IPT system operated at mode 2H
is validated to meet the requirements for bus-stop-powered EVs.
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(@) | )

Figure 10. Waveforms of the P topology IPT system operated at mode 2H (air gap: 10 mm; time:
100 ms/div.; voltage: 200 v/div.; current ipy, ipp, and ip3: 5 A/div,; current is: 2 A/div.) (a) Voltages;
(b) Currents.

5. IPT System Operated at Large Air Gap

The IPT system operated at large air gap is restricted by the EE-shaped ferrite cores used.
Therefore, finite element analysis (FEA) software is utilized to validate the performances of the
proposed scheme. Figure 11 shows the IPT system based on the FEA software. According to Figure 2b,
and Figure 11a which shows the 3D model of the EE-shaped ferrite cores, the dimensions are A
(760 mm), B (30 mm), C (760 mm), D (20 mm), E (720 mm), F (40 mm), G (F/2), H (E/2-F/2), and I
(A/4-E/4). The air gap between the EE-shaped cores is 150 mm. The material of the EE-shaped
cores is 3C90 made by Ferroxcube. Figure 11b shows the circuit of the SP topology based on the FEA
software. The primary and secondary excitation windings are 11 turns and 11 turns, respectively. The
primary and secondary inductances are L, (147 uH) and Ls (147 pH). The primary series capacitor and
secondary parallel capacitor are Cp (0.43 uF) and Cs (0.43 puF). Therefore, the resonant frequency is
designed as 20 kHz.

Z
Sl s3ﬂ
¥ . 1
Vde (") Cde- Lpg %Ls Cs %%}t{ld
Y
X Sy Szﬂ
(a) (b)

Figure 11. IPT system based on finite element analysis (Vq.: 300 V; fsw: 20 kHz; air gap: 150 mm).
(a) 3D Model of EE-shaped ferrite cores; (b) Circuit of the SP topology.

Figure 12a,b show the waveforms of the SP topology IPT system based on FEA. As shown in
Figure 12a, the input voltage is a square wave with amplitude 300 V and the output voltage is a
sinusoidal wave with amplitude 793 V. The amplitudes of the input current and output current are
41 A and 43 A as shown in Figure 12b. The efficiency, input power, and output power of the SP
topology IPT system are 80%, 3930 W, and 3136 W, respectively.

Figure 12¢,d show the waveforms of the P topology IPT system based on FEA. As shown in
Figure 12c, the input voltage is a square wave with amplitude 300 V and the output voltage is a
sinusoidal wave with amplitude 432 V. The amplitudes of the input current and output current are
255 A and 23 A as shown in Figure 12d. The efficiency, input power, and output power of the
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P topology IPT system are 59.8%, 1560 W, and 934 W, respectively. Comparing the SP topology
(Figure 12a,b) with the P topology (Figure 12¢,d), the IPT system adopting a SP topology exhibits
superior performances under large (150 mm) air gap conditions.

80
600

Vout'

400

203/ Vin / / /

I L I
300 320 340 360 38 420 440 460 480 500

0 . 4(‘10
Time[us]

380 a0 420 aio ® 480 500
Time[us]

(b)

300 "Vout ‘

I L
420 440 460 480 500

Time[us]

(©)

30— . . .

_3 900 320 34‘0 3éﬂ 380 . 400 4
Time[us]

(d)
Figure 12. Waveforms of the IPT system based on finite element analysis (Vg4.: 300 V; fsw: 20 kHz;

air gap: 150 mm). (a) Input and output voltages of SP topology; (b) Input and output currents of SP
topology; (c) Input and output voltages of P topology; (d) Input and output currents of P topology.

6. Conclusions

This study discusses the IPT system based on EE-shaped ferrite cores. The transfer function and
frequency response of the SP topology and P topology IPT systems are presented. The SP topology
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is suitable for large air gaps and the P topology is suitable for small air gaps. The issues of the IPT
system such as efficiency, air gap, displacement, dislocation, and motion are discussed. Finite element
analysis is utilized to validate the SP topology IPT system operated under large air gap conditions.
Furthermore, multi-H-bridge inverters are utilized to increase the transfer power of the IPT system.
The three operation modes (1H, 2H, and 3H) of three H-bridge inverters are controlled by position
regulation sensors. Among mode 1H, 2H, and 3H, mode 2H exhibits superior performance in the IPT
system and meets the requirements for bus-stop-powered EVs.
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