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Abstract - In this paper, a resonant converter with a fully-compensated isolation transformer is proposed. An isolation transformer is
equipped for the safety of users, and its leakage inductances are used for resonance in a conventional design. In the present proposal,
the total self-inductances are used for resonances. When a transformer is fully compensated, its primary voltage is proportional to the
secondary current and its secondary voltage to the primary current. This property is useful in a wireless power transfer system, where a
constant feeder current is preferable. A constant secondary current is obtained with a constant output voltage of a resonant converter.
The proposed resonant converter is applied to a wireless charging system for an electric yard tractor. A prototype charging system of 60
kW is made and tested, and its experimental results are shown.
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1. Introduction

Recently, wireless power transfer is widespread. Low power systems are in home or office appliances [1]-[6] and in
mobile/wearable devices [7]-[10]; High power systems are in wireless chargers for electric vehicles [11]-[14]. It provides
electric vehicles with a safe and convenient charging medium. Wireless charging is accomplished by a feeder coil and a
pickup coil, whose sizes are inversely proportional to the operation frequency. With high frequency operation, inductances
lower power transfer capabilities of wireless power transfer systems. Power transfer capabilities can be recovered by
compensating with capacitors which constitute resonance circuits with inductors. Power converter supplying power
becomes resonant type. To achieve high efficiency with IGBT devices, soft-switching should be adopted. If we use soft
switching, usable control scheme of power converter will be limited. Recently, SiC (Silicon Carbide) FETs (Field Effect
Transistors) are commercialized. It can operate at up to 100 kHz under hard switching condition because it does not show
reverse recovery phenomena. Considering regulations such as ICNIRP (International Commission on Non-lonizing
Radiation Protection) [15], below 100 kHz operation for high power wireless charging system is promising. In this paper, a
wireless charging system for electric yard tractor (YT) which is made based on SiC devices and operates at 60 kHz under
hard switching condition is studied. In Korea, 20 and 60 kHz frequencies are assigned for use in wireless power charging.
The previous operating frequency of KAIST (Korea Advanced Institute of Science and Technology) OLEVs (On-line
electric vehicles) was 20 kHz [11]. Performance will be tripled approximately when the frequency is tripled. In this paper,
SiC devices, full-compensation scheme and its control scheme are adopted to a resonant converter for wireless charging of
electric YTs.

2. Wireless Charging System for Electric YT

Fig. 1(a) shows an electric YT with wireless charging system. The electric YT is equipped with traction inverter,
traction motor and battery. For wireless power charging, a pickup and a regulator for battery charging are mounted
additionally. Fig. 1(b) shows block diagram of a wireless charging system for YT. At stationary station, high frequency
inverter supplies power to a feeder coil. Power is transferred from a feeder coil to a pickup coil without electric contact.
Sizes of feeder coils and pickup coils can be reduced with high frequency operation. To reduce switching loss of a power
converter caused by high frequency operation, resonant converters are adopted. In this paper, a resonant converter with a
fully-compensated isolation transformer for wireless charging is proposed. In a conventional resonant converter, leakage
inductances are used for resonances, however, in this proposal total self-inductances are used for resonances.
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Fig. 1: Yard tractor with wireless charging system, (2): Electric Yard tractor, (b) Charging System.

3. Resonant Converter with Fully Compensated Isolation Transformer

Two kinds of equivalent circuits for the isolation transformer are shown in Fig. 2, where winding resistances are
ignored. One is based on an ideal transformer, and the other on a coupled inductor. In a usual resonant converter,
resonances are made to cancel the leakage inductances Ly and L of the isolation transformer shown in Fig. 2(a). The
magnetizing inductance Ly is considered big and ignored. In this paper, resonances are made to cancel full self-inductances
[11], [12]. The self-inductance L in Fig. 2(b) corresponds to Lii+Ln in Fig. 2(a). There is a big merit in a resonant
converter with fully compensated isolation transformer. The primary current is proportional to the secondary induced
voltage, and the primary induced voltage proportional to the secondary current. Assuming sinusoidal operation, the
voltage-current relationship is given as follows using phasors:
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where L; and L, are self-inductances of the primary and the secondary sides, respectively. C,; and Cy, are resonance
capacitors of the primary and the secondary sides, respectively. In this proposal, full compensation is adopted. Full
compensation conditions are as follows:
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Fig. 2: Equi0a1 t circuits of isolation transformer with resonance capacitors
(a) model based on ideal transformer, (b) coupled inductor model.
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Contrary to usual resonant converters, constant frequency operation is adopted in this proposal [16]. Hence full
compensation is maintained constantly. Egs. (1) and (2) are expressed under full compensation condition, as follows:

Vlz—ja)Mle 4)
V, = joM. 1, ®)

The isolation transformer is expressed as two current-controlled voltage sources as in Fig. 3. In the conventional
design, the primary current is proportional to the secondary current of the isolation transformer. However, in this present
design, the primary voltage and the secondary current are proportional to each other. When we want constant secondary
current, it can be obtained by applying constant voltage to the primary side of the isolation transformer. The voltage is
controlled by PWM (Pulse Width Modulation). When PWM is adopted, soft switching is not guaranteed. However, in this
proposal, SiC FETSs are selected for switching devices. Si based power devices such as IGBTs suffer reverse recovery as
shown Fig. 4 when operate under hard switching condition. Reverse recovery time, t; shown in Fig 4, is the time needed
for a diode or an anti-paralleled diode of IGBT to regain reverse blocking capability [17]. Switching loss is greatly
increased and their operating frequency is limited when they suffer reverse recovery. Usually, 20 kHz is the maximum
switching frequency when they are operating under hard switching condition. However, SiC devices do not suffer reverse
recoveries. Accordingly their maximum frequency is much higher than IGBTs. SiC FETs can operate at up to 100 kHz
under hard switching condition. SiC FET enables us to choose power circuits with simple topology and control. The
operation frequency of 60 kHz is selected because 20 and 60 kHz are assigned for this kind of high power wireless
charging equipment in Korea and a better performance can be achievable with higher frequency. When load draws power,
induced voltage by load current is inserted in the feeder loop, and the primary current increases according to (5). The
primary current is proportional to the secondary voltage of the isolation transformer.
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Fig. 3: Equivalent circuit after full compensation.

Fig. 4: Reverse recovery phenomenon.
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4. Experimental Results

A 60 KW prototype resonant converter is made for validation of the proposal. The circuit parameters of the prototype
are shown in Table I. The high frequency inverter is constructed with SiC FET CAS300M12BM2 from Cree. Its rated
voltage and current are 1200 V and 300 A, respectively. Combination of Celem’s CT500 and CSP 150/200 capacitors are
used to satisfy the required resonance capacitances. As now, experiments are progressing. Partial experimental results are
shown in Figs. 5, 6, 7 and 8. Fig. 5 shows the waveforms when the primary side circuit is shorted. A short circuit at the
primary side of the isolation transformer is made due to the primary-side resonance by opening feeder side i.e. the
secondary side of the isolation transformer. The output voltage of the resonant inverter is adjusted so that the rated current
(180 Ams) is flowing through power devices and the primary side of the isolation transformer. It is assured that the primary
winding of the isolation transformer and the resonant converter are working properly at their rated current. The output
voltage of the resonant converter is very small due to the short circuit made with full resonance. Fig. 6 shows relationship
between the induced voltage at the secondary side of the isolation transformer and the primary current. Linearity is well
maintained. Fig. 7 shows operation waveforms under no load condition at primary side. No load condition is made by
closing feeder circuit but opening pickup side. The rated current (180 Arms) is flowing through the feeder circuit including
the secondary side of the isolation transformer. It is assured that the secondary winding of the isolation transformer and the
feeder circuit are working properly at rated current. From these two experiments it is verified that the fully-compensated
transformer is well-designed and working according to the proposal and the analysis. For loading test, loading-back
method is used. The output power is returned to the resonant converter via a two-phase Buck converter. Fig. 8 shows load
test waveforms. The pickup voltage is measured just before rectifier. The output power of the pickup after rectification is
about 40 KW. We are raising output power, and will increase up to 60 kW before conference date.

Table 1: Circuit Components and Parameters.

Mr(uH) | Li(uH) | Lo(uH) | Lteeder (WH) | Cri(uF) | Cra(uF) | Lok (uH)
4.2 9.65 8.08 13.8 1.03 0.472 18.1

rms
Fig. 5: Short circuit test waveforms:
upper traces (yellow: terminal voltage of inverter, blue: secondary voltage) 250V/div,
lower traces (pink: inverter current, green: feeder current) 200A/div, time base: 4 psec/div.
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Fig. 6: The secondary voltage vs. the primary current at short-circuit test.

Fig. 7: Open circuit test waveforms: upper traces (yellow: terminal voltage of inverter 250V/div, blue: pickup voltage 250V/div) lower
traces (pink: inverter current, green: feeder current) 200A/div, time base: 4 psec/div.

Fig. 8: Load (40kW) test waveforms: upper traces (yellow: terminal voltage of inverter 250V/div, blue: pickup voltage 250V/div)
lower traces (pink: inverter current, green: feeder current) 200A/div, time base: 4 psec/div.
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5. Conclusion

In this paper, a resonant converter with fully-compensated isolation transformer suitable for wireless power transfer
systems is proposed. Very attractive feature which facilitates a control of feeder current is obtained. A prototype resonant
converter of 60 kW for wireless charging of electric YTs was made and tested. SiC FETs were used for switching devices
and its circuit topology and control scheme were much simplified. Its experimental results show the validity of the
proposal and the analysis.
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