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Abstract— Dynamic wireless power transfer systems will have 

a DC bus, which supplies power to inverters with transmission 

coils intermittently placed over long distances on the road 

surface. As the length of the DC bus increases, the wiring 

inductance also increases. This effect affects inverters that are 

located far from the power source of the DC bus, requiring them 

to connect through this increased wiring inductance. When the 

inverter performs current control on the output side, it may 

cause negative impedance, resulting in the DC-bus voltage 

oscillation. This paper proposes a control method to prevent 

instability of the DC bus voltage by utilizing positive feed-

forward (PFF) control. The experimental results with the small-

scale prototype show that the proposed control effectively 

prevents instability. 
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I. INTRODUCTION 

In recent years, the transition from gasoline and diesel 

vehicles to electric vehicles (EVs) has been actively promoted 

to reduce greenhouse gas emissions. However, the current 

adoption rate of EVs remains low. This is primarily due to 

several challenges, such as the high cost of EVs caused by 

expensive batteries, the long charging times, and the limited 

driving range. To address these issues, wireless power transfer 

(WPT) for EVs during motion has been extensively studied 

[1]-[3]. Implementing in-motion WPT technology can extend 

the driving range even with smaller onboard batteries. 

Consequently, the smaller battery capacity reduces the overall 

cost of EVs. Furthermore, the ability to charge vehicles while 

driving eliminates the need to stop to recharge. These 

advantages suggest that the practical adoption of in-motion 

WPT could significantly accelerate the widespread use of EVs. 

A system configuration for a dynamic WPT has been 

proposed, as shown in Fig. 1 [4]. In this configuration, multiple 

primary coils are embedded intermittently along the roadway. 

Each transmission coil is connected to an inverter, which 

supplies power to the coil.  The inverters are connected to a DC 

bus that runs along the roadway. The length of the DC bus 

may be long since the WPT system is expected to be applied to 

highways. As the DC bus length increases, the wiring 

inductance also becomes significant. Consequently, inverters 

far from the AC-DC converter that supplies power to the DC 

bus are connected via non-negligible wiring inductance. In 

such a system, if output power is controlled on the inverter side, 

negative resistance caused by the inverter’s control may lead to 

oscillation in the DC-link capacitor voltage [7]. 

This paper aims to clarify the instability conditions of the 

WPT system. First, a simplified model is constructed to 

represent the system under conditions where the wiring 

inductance is sufficiently large and instability occurs. Then, a 

control method is proposed to prevent instability by applying a 

positive feedforward (PFF) control strategy [8] to the 

simplified model. 

 

Fig. 1. System structure of dynamic charging for electric vehicles. 



II. DC BUS VOLTAGE INSTABILITY CONDITIONS 

Using a simplified model, this chapter derives the 

instability conditions for inverters connected via the DC bus in 

the in-motion WPT system. In the in-motion wireless power 

transfer (WPT) system shown in Fig. 1, power is supplied to 

each inverter through the DC bus from an AC-DC converter 

that serves as the DC power source. When each inverter 

performs output power control, negative resistance is 

introduced by the feedback control of the inverter. The 

negative resistance, combined with the wiring inductance of 

the DC bus, may cause an oscillation in the DC-link voltage. 

The next paragraph will explain the instability conditions for 

inverters connected via the DC bus using a simplified model. 

The instability conditions are developed from the 

simplified model of the dynamic WPT. Fig. 2 illustrates the 

simplified system used to derive the instability conditions of 

the WPT system. In this system, Vg  represents the voltage 

source supplying power to the DC bus, while Lbus and Rbus 

denote the wiring inductance and resistance of the DC bus, 

respectively. The "Constant power load" in Fig. 2 represents a 

power transmission unit far from the DC bus voltage source. 

This unit behaves as a constant power load (CPL) due to 

feedback control. Fig. 3 shows the current-voltage (I-V) 

characteristics of the CPL. The slope of the tangent at an 

operating point, dvin / dib, is equivalent to a resistance-like 

parameter and is denoted as r′. At the operating point vin , r′ is 

expressed as follows: 
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In this paragraph, the stability conditions are derived. The 

negative resistance r′ may cancel the resistive component Rbus 

of the wiring under certain conditions. This is known to cause 

oscillations between the wiring inductor Lbus and the input 

capacitor Cs1.  

   Assume that in Fig. 2, the supply voltage Vg momentarily 

changes by Δvg to Vg + Δvg. It causes the change in the current 

flowing through the inductor and the load voltage. The current 

flowing in the inductor changes by Δiin from Iin to Iin + Δiin. 

Also, the load voltage changes by Δvin from Vin to Vin + Δvin. 

The following equation is developed from these changes. 
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The characteristic equation Δ(s) of this system is expressed 

as Eq. (4), where I is the identity matrix. Applying the Routh-

Hurwitz stability criterion to Eq. (4), the stability conditions 

can be derived as follows: 
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Fig. 2. A simple system concerning instability caused by constant power 
loads. 

 

Fig. 3. Negative impedance behavior of constant power load. 
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Simplifying Eq. (7) results in: 
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Thus, an oscillation in the DC bus voltage will occur if 

both Eqs. (6) and (8) are not satisfied. 

III. PROPOSED CONTROL METHOD 

A. System Overview 

Fig. 4 shows the circuit diagram of the wireless power 

transfer (WPT) system, including the DC bus. In this circuit, 

wiring inductance and resistance components are inserted 

between the DC bus power source and the inverter to simulate 

a power transmission unit far from the DC power source. Fig. 5 

presents the control block diagram of the inverter. In this 

control scheme, since the switching frequency is high, a 

constant current is supplied to the primary coil by controlling 

the envelope iie , which connects the peak values of the primary 

sinusoidal current. 

As shown in Fig. 6, a peak detection circuit is used to 

detect the current envelope iie . The voltage Vi1 represents the 

signal from the current sensor, and Vie is the output signal of 

the peak detection circuit. This circuit utilizes the forward 

characteristics of the diode; when Vi1 exceeds the voltage of 

capacitor Cp, the capacitor is charged. Then, the circuit outputs 

the peak value of Vi1 at all times. Using this circuit, the 

envelope is detected from the primary current of the WPT 

system, and the phase shift α of the inverter output is adjusted 

via feedback control. Specifically, Eq. (9) in Fig. 5 describes 

the conversion of the PI controller’s output into the phase shift 

α. 

 

However, this feedback control lets the inverter behave as a 

negative resistance, leading to oscillations in the DC bus 

voltage. Positive feed-forward (PFF) control is introduced into 

the control block to address this issue. PFF control detects the 

fluctuation component of the DC-link voltage Vc using a high-

pass filter. The fluctuation component is then multiplied by a 

gain KF and added to the error in the feedback loop to mitigate 

instability. 

B. Derivation of plant models and design of PI controllers 

To design the control system, the transfer function of the 

plant for control of the envelope of the primary current in the 

series-series (S/S) resonant circuit is derived in this section. 

Fig. 7 shows the equivalent T-type circuit of the S/S resonant 

circuit, where the internal resistances of the primary and 

secondary coils are neglected for simplicity. 

Eq.  (11) and (12) are obtained from Fig. 7, defining two 
current loops I1 and I2. Here, the following approximate 

equation is obtained. In equation (12), 1 / o appears each 
time a partial integral is performed. This time, we simplify the 
equation by ignoring the third terms because the third term is 

proportional to the inverse cube of the angular frequency . 
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Fig. 4. Circuit configuration emulating a DC bus and 
unit.

 

Fig. 5. Control block diagram. 

 

Fig. 6. Peak detection circuit. 

 

Fig. 7. T-type equivalent circuit. 
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By eliminating I2(t) from Eqs. (14) and (15), the following 

equation is Eq. (16). 

Taking the Laplace transform of Eq. (16), the envelope 

model from V1 to I1 is expressed as Eq. (17): 

Here, 

allowing for the following rearrangement: 

Assuming L1 = L2 = L, the equation can be further 

simplified to: 

Eq. (20) represents the plant's transfer function used in this 
study. 

Using this plant's transfer function, the proportional gain 

Kp and integral gain Ki  were determined via pole placement. 

The resulting values are Kp = 0.50 and Ki = 5500. 

C. PFF controller settings 

This section describes the gain settings of the PFF 

controller. The gain KF of the PFF controller in Fig. 5 is 

determined from the disturbance transfer function. The 

disturbance transfer function from the detected DC link 

voltage Vc to the plant output Iie depends on the gain KF of the 

PFF controller. To suppress oscillations in the DC bus voltage, 

it is desirable for the disturbance transfer function to remain 

below 0dB. To satisfy this condition, KF  must be set to a 

value less than 1. If KF is negative, the phase is inverted, 

which amplifies the oscillations of Vc. Therefore, KF must 

satisfy 0 < KF < 1. 
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However, a larger KF results in a longer rise time Tr , 

which may limit the power transmission capacity of the 

DWPT system. Additionally, since the output signal of the 

PFF controller is added to the input of the PI controller, a 

larger output signal from the PFF controller increases the error 

relative to the current reference value. 

To address these issues, KF  should be set to a small value 

within the range 0 < KF < 1, ensuring that the maximum Vc  

during instability is kept below a desired threshold. 

IV. EXPERIMENTAL RESULTS 

The stability limits and the effects of PFF control were 

experimentally verified using a mini-model. Fig. 8 shows the 

appearance of the experimental setup. The mini-model circuit 

configuration is depicted in Fig. 9, and the circuit parameters 

are listed in Table 1. The resonance circuit and load 

parameters were designed for maximum efficiency based on 

the required maximum power and the DC bus power supply 

voltage [12]. 

First, the current reference was step-changed between 

stable and unstable conditions to confirm the DC bus 

oscillation conditions in this system. Fig. 9 shows the DC bus 

voltage when the reference value was step-changed from 0.42 

to 0.50p.u. According to the stability conditions derived from 

Eq. (6) and Eq. (8), the system exceeded the stability limit as 

the primary current increased from 0.42 to 0.50p.u., 

confirming the stability conditions through experimental 

validation. 

Fig. 10 shows the DC link voltage when PFF control was 

applied during operation. In this experiment, PFF control was 

applied to stabilize the system after the DC link voltage began 

oscillating, with the reference value set at 0.67 p.u. From Fig. 

10, it was confirmed that applying PFF control successfully 

avoided instability. The oscillation frequency of the DC link 

voltage was approximately 98 Hz, which matched the resonant 

frequency of the DC bus wiring inductance and the DC link 

capacitor. 

Finally, Fig. 11 illustrates the relationship between KF , the 

maximum DC link voltage Vc_max , and the rise time Tr. As KF  

increases, Vc_max decreases, but the rise time becomes longer, 

reducing the chargeable power. Therefore, KF  should be set to 

a small value within the range that suppresses Vc to an 

acceptable maximum DC link voltage while ensuring adequate 

rise time. 

V. CONCLUSIONS 

This study introduced a control method that integrates 

positive feed-forward (PFF) control with current envelope 

control to prevent oscillations in the DC link voltage of a 

 

(a) Coils 

 

(b) Circuit 

Fig. 8. Experimental setup. 

Table1. Parameters of scaled-model. 

 



wireless power transfer system with an extended DC bus. 

Experimental validation demonstrated that the application of 

PFF control effectively mitigates instability. Furthermore, it 

was found that increasing the PFF control gain led to a longer 

rise time and a decrease in the maximum DC link voltage. 
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Fig. 9. Oscillation waveform at stability limit by measurement. 

 

Fig. 10. Oscillation comparison with PFF control. 

 

Fig. 11. Relationship between KF and Vc_max, Tr. 

 


