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(57) Abstract: An apparatus for wireless transmission of power from a DC voltage source to a DC voltage load, comprising: one 
primary coil loosely coupled with one secondary coil, the primary coil and the secondary coil each equipped with at least one series- 
connected resonant capacitor, so that the primary coil resonates at a frequency that is either equal or slightly lower than the second - 
ary coil resonant frequency; said resonant coils are mounted on mechanically separated structures, so that mutual movement is pos­
sible. An inverter apparatus that converts the DC voltage at sending-end (primary side) to an AC voltage of controllable magnitude 
and frequency. At least one rectifier apparatus at the secondary side that converts the AC voltage at the terminals of the resonant 
pickup coils at the secondary side to a DC voltage at the DC voltage load on the secondary side. A control system that regulates the 
power flow by changing in a coordinated way the magnitude and frequency of the AC voltage at the terminals of the primary reson - 
ant coil.
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AN APPARATUS AND A METHOD FOR WIRELESS TRANSMISSION OF

POWER BETWEEN DC VOLTAGE SOURCES

Technical Field

[0001] The present invention relates to the field of inductive power transmission 

between two structures that are moving with respect to each other, 

resulting in variable coupling. In particular, it is disclosed an apparatus for 

wireless transmission of controllable power from a DC voltage source to a 

DC voltage load.

Background Art

[0002] Whenever two current-conducting coils are placed in space so that the 

magnetic field generated by each of them is also linked to the other, 

electrical energy transfer can take place; such form of transfer is normally 

termed as Inductive Power Transfer (IPT).

[0003] Power transfer is in general easier to achieve when the coils are tightly 

coupled, that is when the magnetic flux generated by each coil almost 

completely links the other. The degree of coupling is often expressed in 

terms of the coupling coefficient k defined as:
k=^—

[0004] (0.1)

[0005] where

[0006] k is the coupling coefficient and 0 < k < 1

[0007] Li is the inductance of a first coil, and

[0008] l_2 is the inductance of a second coil.

[0009] M is the mutual inductance of the two coils.

[0010] The most widespread form of I PT is the classical transformer, where the 

two coils are wound around a common ferromagnetic core, resulting in the 

highest possible degree of coupling. In such structure, the coupling 

coefficient is typically very close to unity.

[0011] Loosely coupled circuits, on the other hand, are characterized by a 

coupling coefficient typically lower than 0.5, meaning that a significant part 

of the flux generated by each coil does not link the other, resulting in 

magnetic "leakage". This is almost invariably the case when the coils are 
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built on physically separated structures with non-negligible separation 

distance between them.

[0012] From the above description, it is also easy to understand that k is in 

general a function of the relative position of the two coils and may vary 

widely when either of the coils moves with respect to the other.

[0013] The problem of transferring power between two physically separated 

structures that can move with respect to each other can therefore be 

stated in terms of magnetic circuits as a problem of Inductive Power 

Transfer between loosely coupled coils with variable coupling coefficient.

[0014] In order to optimize the power transfer process and reduce losses, the 

physical principle of resonance can be applied to loosely-coupled 

magnetic circuits. A Capacitive component is added to both coils, so that

[0015]

[0016]

(0.2)

the reactive power consumed by the leakage inductance is compensated 

by the added capacitance; such perfect compensation is achieved at the 

resonant frequency:

J°^end 2^V^Q

Most state-of-the-art I PT systems or apparatuses are designed so that the 

resonant frequencies of both coils coincide, and power transfer is 

performed by exciting the transmitting coil exactly at such common 

resonant frequency, achieving very good transfer efficiency and minimized 

Volt-Ampere ratings at a specific operating conditions of the sending and

pickup converters that are operated at unity power factor, as the reactive

power is completely contained within the resonant tanks constituted by the

coils and the compensating capacitors.

[0017] In the French patent publication Fr 3004596 it is disclosed a method for 

inductively charging a vehicle. The primary and secondary coils of the

charging system is mutually movable.

Disclosure of Invention

[0018] In its basic form, the IPT apparatus considered in this document is 

generally composed by two loosely coupled coils, two compensating 

capacitors (one for each coil), power converters on either side of the IPT 
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apparatus for excitation (sending-end) and pickup. The power source at 

sending end is assumed to be a DC source, resulting for instance from 

rectification of the 50/60 Hz AC mains. The load is also assumed to be a 

DC load of relatively fixed voltage; a typical case is a chargeable battery. 

[0019] The sending-end power converter (inverter) generates an AC voltage of 

controllable frequency and magnitude from the available DC voltage. The 

pickup-side converter (rectifier) rectifies the AC waveform resulting from 

the magnetic coupling, converting it to a DC signal; if designed to do so, 

such converter can also adapt the pickup-side impedance by changing the 

voltage/current levels

[0020] In most implementations, sending and pickup coils are capacitively 

compensated in a way that the individual resonant frequencies coincide; 

the sending-end converter is then controlled to generate an excitation 

signal at exactly the resonant frequency, allowing for operation at unity 

power factor, corresponding to minimum converter current. The power flow 

is then regulated by changing the magnitude of the excitation signal and/or 

the equivalent pickup impedance.

[0021] Investigations leading to the present disclosure have shown that in case of 

widely variable coupling coefficient, the worst-case converter Volt-Ampere 

for a given power flow requirement can be significantly reduced if the 

apparatus is designed to operate out of resonance in certain coupling 

conditions.

[0022] Specifically, the apparatus is made to operate at exactly the resonant 

frequency when the coupling is at minimum, thus achieving the minimum 

possible worst-case converter current at the minimum converter voltage. 

However, when the coupling increases, the sending-end converter is 

operated out of resonance, resulting in an increased power flow for the 

same magnitude of excitation voltage and the same equivalent pickup 

impedance. As a result, the ratio between the necessary excitation 

voltages at maximum and minimum coupling is reduced, with the important 

consequence of reducing the worst-case converter and coil currents.

[0023] The method allows therefore for a significant saving in terms of 

semiconductor effort for the implementation of the power converters.
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Moreover, the coils can be realized with reduced amount of copper, 

resulting in lower volume, weight and cost.

[0024] In addition, a simple method to achieve ideal, slightly inductive power 

factor for minimized switching loss of the power converter over the whole 

operating range is introduced. The method is based on slight detuning of 

self-resonant frequencies of primary and secondary coils.

[0025] In particular in one form, there is disclosed an apparatus for wireless 

transmission of power from a DC voltage source to a DC voltage load, 

comprising:

a) a primary coil and a secondary coil, the primary coil and the secondary 

coil each connected with capacitive devices configured to achieve a 

common resonance frequency, ωο;

b) said primary coil and secondary coil are mutually movable during 

operation;

c) a DC/AC-converter converting the DC voltage at a primary side to an 

AC voltage of controllable magnitude and frequency at the primary 

side;

d) a rectifier at a secondary side converting the AC voltage at terminals 

of the secondary coil to a DC voltage at the load on the secondary 

side; and

e) a control system that regulates the power flow between the primary 

and the secondary coil and automatically adapts to changes in the 

mechanical positions of the two coils by changing in a coordinated way 

the magnitude and frequency of the AC voltage at the terminals of the 

primary coil during operation, wherein

said rectifier is configured for control of the AC voltage amplitude 

and frequency at the terminals of the secondary coil at the secondary 

side, and

the apparatus further comprises at least one additional control 

circuit that calculates the magnitude of the voltage to be enforced at 

the terminals of the secondary coil at the secondary side.

[0026] The particular converter topology used to implement the DC/AC converter 

at sending end is irrelevant, as long as it gives the possibility to control
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magnitude and frequency of the excitation voltage independently. In the 

most usual implementation, the DC/AC converter described above may be 

based on a H-connection of four switching devices that are controlled to 

generate any value of AC voltage, starting from a given DC-side voltage.

[0027] An optional additional DC-DC converter can be placed between the input 

DC voltage and the DC-side of the H-bridge, in order to enable high 

frequency operation at reduced losses. The cascade connection of DC- 

DC+H-bridge is still a DC/AC converter that can control voltage and 

frequency independently.

[0028] The load at the secondary side can have constant-voltage characteristics, 

and the load with constant-voltage characteristics can be a chargeable 

battery.

[0029] The rectifier apparatus may be configured for independent control of the 

AC voltage at the terminals of the resonant pickup coil at the secondary 

side. In one aspect of the present invention the apparatus for wireless 

transmission of power from a DC voltage source to a DC voltage load, 

further comprises at least one additional control circuit that calculates the 

voltage magnitude to be enforced at the terminals of the resonant pickup 

coil at the secondary side. AC voltage at pickup coil terminals can be 

controlled independently of frequency and pickup current. This is 

equivalent to controlling the impedance at pickup coil terminals.

[0030] According to another form of the present invention there is also disclosed 

a method for wireless transmission of power from a DC voltage source to a 

DC voltage load, comprising the steps of:

a) loosely coupling a primary coil with a secondary coil,

b) equipping the primary coil and the secondary coil with a series- 

connected resonant capacitor, so that the primary coil on the primary 

side resonates at the same frequency, ωο as the secondary coil on the 

secondary side;

c) arranging said primary coil on the primary side and secondary coil on 

the secondary side so that mutual movement during operation is 

possible:
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d) providing a DC/AC-converter converting the DC voltage at a primary 

side to an AC voltage of controllable magnitude and frequency;

e) providing a rectifier that converts the AC voltage at the terminals of the 

secondary coil at the secondary side to a DC voltage;

f) providing a control system that regulates the power flow between the 

primary coil and the secondary coil and automatically adapts to 

changes in the mechanical positions of the primary coil and the 

secondary coil by changing in a coordinated way the magnitude and 

frequency of the AC voltage at the terminals of the primary coil;

g) providing a load at the secondary side that has constant-voltage 

characteristics;

h) configuring said rectifier for independent control of AC voltage at the 

terminals of the resonant pickup coil, and

i) providing an additional control circuit that calculates the magnitude of 

the voltage to be enforced at the terminals of the secondary coil at the 

secondary side.

[0031] Step g may further include providing said load with constant-voltage 

characteristics as a chargeable battery.

[0032] According to another aspect of the invention, the method can further 

comprise the steps of:

configuring said rectifier apparatus for independent control of the AC 

voltage at the terminals of the resonant pickup coil, and 

providing an additional control circuit that calculates the voltage magnitude 

to be enforced at the terminals of the resonant pickup coil at the 

secondary side.

[0033] According to another aspect of the invention, the control system may 

regulate the excitation frequency to always be equal or higher than the 

resonant frequency, and in yet an aspect the control system may regulate 

the excitation frequency to always be equal or lower than the resonant 

frequency.

[0034] In another aspect, the method can further comprise the steps of:

providing the DC/AC-converter based on a H-connection of four switching



6a

20
16

20
97

38
 

15
 O

ct
 2

01
9

devices that are controlled so as to generate any desired value of AC 

voltage, starting from a given DC-side voltage.

[0035] The method may also comprise the steps of:

providing the DC/AC-converter based on the H-connection of four 

switching devices that are controlled so to generate a square-wave 

voltage of amplitude fixed by the DC-side voltage, and 

a DC-DC converter between the input DC-voltage source and the DC- 

voltage at the inverter input.

[0036] Other advantageous features appear from the description that follows.

Brief Description of Drawings
[0037] In order to make the invention more readily understandable, the 

discussion that follows will refer to the accompanying drawings, in which
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[0038] Fig. 1 is a schematic representing a wireless power transfer apparatus with

series-connected resonant capacitors, and its main components,

[0039] Fig. 2 is the schematic of an H-bridge circuit used as inverter, including

four IGBT switching devices and a smoothing capacitor on the DC-side,

[0040] Fig. 3 is the schematic of a diode rectifier based on bridge configuration. 

[0041] Fig. 4 is the schematic of an active rectifier, constituted by the cascade 

connection of a diode rectifier and a DC-DC converter,

[0042] Fig. 5 is the schematic of an active rectifier based on the H-bridge 

topology, with four controllable switching devices (IGBTs) and associated 

anti-parallel diodes,

[0043] Fig. 6 is a plot of the frequency characteristics of a pair of loosely coupled 

coils with series compensation on both sending and pickup sides; 

transmitted power, phase displacement between sending-end voltage and 

current, phase displacement between sending-end voltage and pickup-end 

capacitor voltage are shown as function of operating frequency, for fixed 

magnitude of sending and pickup voltages,

[0044] Fig. 7 is a plot of showing the effect of detuning between primary and 

secondary self-resonant frequencies on phase displacement between 

sending-end voltage and current and on phase displacement between 

sending-end voltage and pickup-end capacitor voltage,

[0045] Fig.8 shows the wireless power transfer apparatus and the block diagram 

of the control system used to regulate the power flow in case of sending­

end voltage/frequency control. Sending-end voltage/current displacement 

as detected by a Phase Locked Loop (PLL) is used as control variable for 

determination of the operating frequency,

[0046] Fig.9 shows the wireless power transfer apparatus and the block diagram 

of the control system used to regulate the power flow in case of sending­

end voltage/frequency control. Phase displacement between Sending-end 

voltage and pickup capacitor voltage is used as control variable for 

determination of the operating frequency,

[0047] Fig. 10 shows the wireless power transfer apparatus and the block diagram 

of the control system used to regulate the power flow in case of sending­

end voltage/frequency control. Phase displacement between Sending-end 
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voltage/current is used directly as control variable for determination of the 

operating frequency without using PLL, and

[0048] Fig. 11 shows the wireless power transfer apparatus and the block diagram 

of the control system used to regulate the power flow in case of sending­

end voltage/frequency control combined with pickup-end voltage control, 

and

[0049] Fig. 12 shows the wireless power transfer apparatus and the block diagram 

of the control system used to regulate the power flow in case of sending­

end voltage/frequency control combined with pickup-end voltage control 

for the case when no PLL is used.

Best Mode for Carrying Out the Invention

[0050] The present invention relates to wireless power transfer, and in particular 

to wireless power transfer where the coupling coefficient varies, that is 

where primary and secondary coils are loosely coupled. Such 

arrangements may find wide fields of application.

[0051] In the following discussion, it will be adhered to the accompanying 

drawings; however the drawings do not necessarily disclose all 

features/components, moreover the components shown in the drawings 

are not mandatory. The drawings are meant to ease understanding of the 

present invention.

[0052] It shall be appreciated that by loosely coupled there is no restriction on the 

relative movement: i.e. full 6-degrees of freedom (x-y-z, roll, pitch, yaw) 

are allowed, as the parameters affecting power flow equations are the 

resulting magnetic coefficients (self-inductances and coupling coefficient). 

For the same reason, it is not important whether it is the primary or 

secondary coil (or both) that is moving. The only constraint on the speed of 

movement is that it must be much slower that the time-frame 

corresponding to the electrical resonant frequency of the system. This is 

however satisfied in most practical cases.

[0053] Cross-link feedback can be used to improve power transfer efficiency as 

well as to reduce the power ratings of converters when the relative position 

of sending and receiving coils is allowed to vary widely during operation.
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The two compensated coils are tuned to have the same resonant 

frequency. Operation at resonance is used when the coupling between the 

coils is sufficiently low, while off-resonance operation is allowed when the 

coupling increases, resulting in increased power transfer for the same 

input/output voltages. Smaller coils and much smaller power converters 

can be used, since the worst-case current is reduced compared to 

conventional resonant operation.

[0054] Further reduction of losses is achieved by tuning the apparatus so that the 

primary self-resonant frequency is slightly lower than the secondary self­

resonant frequency, thus achieving slightly inductive power factor 

operation and reduced switching losses of the primary side converter over 

the whole operating range.

[0055] As stated above, the present invention relates to an apparatus and a 

method for transmitting power between two loosely coupled coils mounted 

on structures that may have significant relative movement. By allowing for 

off-resonance operation of a properly designed IPT, minimization of the 

converter semiconductor requirement can be achieved.

[0056] In order to illustrate the principle, let us refer to the general IPT apparatus 

in Fig. 1. In such apparatus, power is intended to flow from the rectified 

mains to the pickup-side DC source. The latter can be either the physical 

terminals of a battery, or the constant-voltage terminals of a DC 

subsystem.

[0057] The high-power part of the Η-Bridge is shown in Fig. 2. IGBT devices are 

shown, as it will be the case when substantial power (more than 100 kW) 

has to be transmitted. Such bridge can be operated in square-wave mode, 

resulting in variable (controllable) frequency with fixed AC-voltage 

magnitude determined uniquely by the DC-voltage level at the bridge 

input. Alternatively, zero-voltage states of controlled duration can be 

added to the output voltage waveform, so that both AC voltage magnitude 

and frequency can be independently regulated. The achievable rms value 

of the fundamental component of AC voltage output is:
4

0<V <-------- Vsend ΓΣ de,in
[0058] (0.3)
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[0059] No theoretical restriction on the excitation frequency is introduced by the

DC/AC-converter; however, for practical reasons, it might be specified that

the frequency may be varied with +/- 50% around the resonance

frequency. Fig. 6 and Fig. 7 suggest that for typical designs far less than

50% of frequency variation is actually necessary.

[0060] In Fig. 1, sending and pickup coils are compensated by means of the 

series capacitors C1 and C2, respectively. The capacitance values are 

normally determined so that both coils resonate at the same frequency in 

nominal conditions (®Osend = a)Opick):

[0061] (0.4)

[0062] The pickup-side rectifier in Fig. 1 can either be a passive rectifier (Fig. 3)

or an active rectifier (Fig.4, Fig.5).

[0063] In the case of passive rectifier, the pickup-side AC voltage is uniquely 

determined by the pickup-side DC voltage, and the equivalent pickup 

resistance at the rectifier terminals is also uniquely determined by the load: 
y _ 4 y p _ 8 ^dc.out
pick ΓΓ v de,out ’ Yeq,pick 2 τ

[0064] π dc’out (0.5) 

[0065] If an active rectifier is used, both the pickup AC voltage and the pickup

equivalent resistance can be changed, adding one more degree of 

freedom to the control strategy.

[0066] At resonant frequency, neglecting losses in coils and capacitors, the power 

flow is expressed by the simple relationship:
p _ send Vpick

1 res Λ/f
[0067] ω<·''Μ (0.6)

[0068] The apparatus must be designed so that rated power flow can be 

achieved over the whole range of expected variation of the coupling 

coefficient. The latter only influences the mutual inductance M in the 

equation above, in a way that is essentially linear. Series-series 

compensation ensures that the resonant frequency is essentially 

unaffected by the changing k. As a consequence, if the apparatus is 

always operated at resonance, the following must hold:
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p   'send,max * pick, max   ' send,min ' picfc,min 'send,max ' pick,max ~ ^max

[0069] max ^min ^sewJ.min ^pick,min ^min (Q ~p^

[0070] The same kind of relationship applies to the coil currents.

[0071] It is hereby noticed that in the converters of Fig. 2, Fig. 3, Fig. 4, the 

maximum AC-side voltage determine the necessary voltage blocking 

capabilities of the switches (IGBTs or diodes), while the maximum AC-side 

current corresponds to the maximum current that the switches have to 

conduct during their ON state. Consequently, operation at widely variable 

coupling coefficient leads to very severe requirements for the switches, if 

resonant operation is always maintained.

[0072] The worst case for the sending-end bridge is when a passive pickup

structure is used, resulting in:

v ./ = p .
send,max send, max res y

[0073] (0.8)

[0074] If the pickup rectifier is also able to regulate the voltage, then the Volt­

Ampere requirement for the sending-end bridge can be reduced, by

equally distributing the current increase due to reduced coupling between

sending and pickup converters:

V ./ =P . Ι™χsend,max send,max res a I j
[0075] 1 (0.9)

[0076] Investigations leading to the present disclosure have shown that allowing 

for non-resonant operation may substantially reduce the semiconductor 

requirements for the H-bridge from the values predicted above.

[0077] It can be verified that when the I PT apparatus is designed so that the 

same maximum value of the current density is achieved in both sending 

and pickup coils, the power transfer as function of excitation frequency for 

given sending and pickup voltage magnitudes is of the form shown in Fig.

6. The characteristic features a local minimum at a frequency close to the 

resonant one, with pronounced peaks at two frequencies that are 

respectively below (f1) and above (f2) the resonant one. This fact, 

combined with the observation that the phase displacement between 

excitation voltage and current is rather insensitive to the operating 

frequency in the whole range < f < f2, can be used to boost the power 



WO 2016/118020 PCT/N02016/050006
12

flow when the apparatus is operated at maximum coupling, thus requiring 

a maximum operating voltage that is lower than the one predicted by 

equation 0.6.

[0078] From Fig. 6, it is shown that operation in the frequency range < f < f2 

results in close to unity power factor, meaning that the converter at primary 

side, if operated in square-wave mode, will always commutate when the 

current is very close to zero. This is non-optimal for actual IGBT devices 

that have best performance when the commutation current is slightly 

lagging the voltage.

[0079] Investigation leading to this disclosure has shown that a slight detuning 

between primary and secondary self-resonant frequencies so that 

fo send < fo pick has the desirable effect of shifting the sending-end V-l phase 

displacement characteristics towards inductive operation, as shown in Fig.

7. The detuning has almost no effect on the power flow at resonance and 

has the additional effect of increasing the power flow at sub-resonant 

operation (<f<fOpick).

[0080] The use of slight detuning allows therefore for slightly inductive operation 

of the primary converter with consequently minimum switching loss over 

the operating range j\<f< fQpick.

[0081] Resonant operation is performed when the coupling is at minimum, so that 

equation 0.6 holds. As a result, the ratio between minimum and maximum 

voltage for rated power flow will be reduced from the one predicted by 

equation (0.8) or (0.9), allowing for use of switching devices with reduced 

current ratings.

[0082] Power flow conditions at minimum and maximum coupling given in 

equation (0.7) for conventional operation in resonance are generalized as 

follows:
[0083] ^max (^max ’ (^min ’ Vsendjinin’ (0.10)

[0084] The maximum voltage at sending end is conveniently chosen to be as high 

as possible for the given νΛιπ, in order to minimize the current and 

maximize the efficiency. Still, there exist an infinite number of 

combinations satisfying the relationship above. One more
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criterion is therefore necessary for design. The following options can be

a)

b)

proposed:

Rated power flow at maximum coupling is achieved exactly at the peak of 

the power-frequency characteristics of Fig. 6:
pmax = max (p (kmax, Vsend „,ax, ), P (kmax, Vsend „,ax, ))

Same peak resonant voltage is obtained at minimum and maximum

coupling with rated power flow:
V (k VCl \ max ’ send,max

ω ) K?2 (^min ’ Kend.min ’ )
(0.12)

c) Input phase displacement does not exceed a given threshold value:
Ψνΐ (^max ’ ^ί’ί/ί/.ιιι;ιχ ’ /A'Y.max (Q j 3)

[0085] Other criteria are possible, leading to almost equivalent designs.

[0086] In order to control the power flow of the proposed I PT, it is necessary to 

act in a coordinated way on both excitation voltage and frequency. One 

additional degree of freedom in the control action is constituted by the 

possibility to control the magnitude of the AC voltage at pickup side, if an 

active rectifier structure is used.

[0087] The control system for the case where only a passive rectifier is used at 

pickup-side is shown in Fig. 8. The following main functional blocks are 

present:

[0088] Charging current regulator acting on sending-end voltage magnitude; 

[0089] Charging current regulator acting on phase-displacement reference; 

[0090] Interlock logic that enables either of the regulators above;

[0091] Phase Locked Loop (PLL) and associated logic to regulate the phase of 

the controlled (feedback) signal to the reference value output by regulator

2.

[0092] Regulator 1 can be any linear or non-linear regulator, like for instance a 

conventional Proportional-Integral (PI) controller; it generates a voltage 

magnitude command varying within the achievable range (equation (0.3)). 

The regulator is enabled by the interlock logic; when disabled, the outputs 

and all the internal states (if present) are frozen to their current value.
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[0093] Regulator 2 can be any linear or non-linear regulator, like for instance a 

conventional PI controller; it generates a phase displacement command 

varying between the allowable range:
0 < <q.er < φκΐ max if operation above resonance is desired

[0094] —Cref,max Cref 0 lf operation below resonance is desired

[0095] It is noted that (pref = 0 causes the apparatus to operate exactly at resonant 

frequency. In particular, if the apparatus is designed with slight detuning 

between primary and secondary resonant frequencies, (pref = 0 forces 

operation at exactly f0 send, if cross-link feedback is used in the PLL.

[0096] Regulator 2 is enabled by the interlock logic (3); when disabled, the 

outputs and all the internal states (if present) are frozen to their current 

value.

[0097] The interlock logic checks the output of the two regulators (Regulator 1 

and Regulator 2) and generates the enable signals according to the 

following logic:

[0098] IF Regulator 1 was enabled, THEN IF Regulator 1 has reached its 

maximum allowed output, Enable Regulator 2 AND Disable Regulator 1.

[0099] ELSE (Regulator 2 was enabled), IF Regulator 2 has reached zero output, 

Enable Regulator 1 AND Disable Regulator 2.

[00100] Some small hysteresis and/or hold-off time can be added in the decision 

process above, to avoid chattering between the two states.

[00101] The PLL logic takes the phase difference between the excitation voltage at 

sending-end (Vsend) and the feedback signal, trying to make it equal to 

the phase reference generated by Regulator 2. Its output is a correction 

term for the frequency of the sending-end fundamental voltage.

[00102] The feedback signal can be one of the following:

• Sending-end AC current (H-bridge current), as indicated in Fig. 8. 

This arrangement has the advantage of not needing a high- 

bandwidth feedback from the pickup-side of the I PT; however, the 

controller can become unstable under certain operating conditions, 

due to the well-known phenomenon of bifurcation that may cause the 

phase-displacement between sending-end voltage and current to 

change the sign of its gradient around the resonant frequency. In 
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general, even if bifurcation is avoided, sending-end V-l phase 

displacement is quite insensitive to frequency variation, as shown in 

the characteristic of Fig. 6.

• Pickup end voltage across resonant capacitor (C2), as indicated in 

Fig. 9. This solution is much more robust in terms of control stability, 

as bifurcation phenomenon never occurs and sensitivity of the phase 

displacement between Vsend and VC2 to operating frequency is 

always so that stable control can be achieved. It is noted that at 

resonance, Vsend and Vc2 are in phase (zero displacement).

• Pickup end AC current.

^=^-90°
(0.15)

• Pickup end AC voltage.

Last two options are basically equivalent to the previous one, as Vc2, Vpick 

and Ipick are directly related by the fixed relationship:
V =^--1
v C2 ' Γ'' Pfck

[00103] ja)Ci

[00104] AVpick=AIpick (0.16)

[00105] These solutions are therefore equivalent to the one using VC2 in terms of 

achievable control performance.

[00106] Drawback of solutions based on pickup signals is the need for high- 

bandwidth feedback from pickup-side of the I PT. The alternative solution 

shown in Fig. 10 is therefore proposed.

[00107] In the system of Fig. 10, the original charging current regulator acting on 

phase displacement reference (Regulator 2 in Fig. 8 and Fig. 9) has been 

replaced with charging current regulator (Regulator 3) acting on H-bridge 

output frequency.

[00108] Moreover, the following control blocks have been added:

[00109] Phase Detector, evaluating the angular displacement between voltage and

current: φ = ZVsend - Zlsend.

[00110] Frequency limit regulator (Regulator 4), generating the output limit for

Regulator 3.

[00111] Output limiter for Regulator 3, dynamically limiting the output of the

regulator, when it exceeds the value calculated by Regulator 4.
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[00112] In case an active rectifier of the type shown in Fig. 4 or Fig. 5 is used at

pickup-side, the control systems of Fig.9 and Fig. 10 are slightly modified

according to Fig. 11 and Fig. 12, respectively.

[00113] The only difference between the systems in Fig. 9 and Fig. 11 is that the 

output of Regulator 1 is used to command not only the amplitude of the 

sending-end voltage, but also to command the voltage ratio of the pickup­

side DC-DC converter. This structure ensures that the per-unit ratio 

between the amplitudes of Vsend and Vpick remains constant and equal 

to the nominal value, thus minimizing the overall Volt-Ampere 

requirements.

[00114] Similarly to what explained before, the feedback signal used by the PLL 

can come from different sources:

• Sending-end AC current (Isend);

• Pickup-end voltage across resonant capacitor (VC2);

• Pickup-end voltage at the rectifier AC terminals (Vpick);

• Pickup-end AC current (Ipick).

[00115] The only difference between the systems in Fig. 10 and Fig. 12 is that the 

output of Regulator 1 is used to command not only the amplitude of the 

sending-end voltage, but also to command the voltage ratio of the pickup­

side DC-DC converter. This structure ensures that the per-unit ratio 

between the amplitudes of Vsend and Vpick remains constant and equal 

to the nominal value, thus minimizing the overall Volt-Ampere 

requirements.

One embodiment of the present invention

[00116] The present invention may find its application within a wide area of fields 

such as but not limited to:

• Inductive charging of parked Electric Vehicles (EVs). In this case, the 

airgap does not change while charging, but there may be an 

unknown misalignment that must be taken into account during the 

design phase.
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• Inductive charging of ships or other marine vessels with battery­

electric propulsion systems

• Continuous power supply to movable equipment (robotic arms, etc.), 

where wires may constitute a hindrance to movement and/or reduce 

reliability.

• Power supply to a movable equipment placed in an un-accessible (or 

sealed) environment.

• Power supply of trains, trams and buses, in particular in city areas, 

where exposed high voltage or medium voltage wires are 

undesirable

[00117] In one example of an inductive power transfer apparatus according to the 

invention the apparatus is rated for 1 MW of continuous power transfer at 

a distance variable between 15 and 50 cm. The apparatus configuration is 

shown in Fig. 1 and comprises:

[00118] Primary coil, with external dimensions of approximately 1.0 m width and 

2.0 m length; the coil is planar, and is wound on top of a backplate of 

magnetic material. The coil is connected in series with capacitor banks, so 

that the resulting resonant frequency is in the order of 3-5 kHz. Secondary 

coil, with external dimensions of approximately 1.0 m width and 2.0 m 

length; the coil is planar, and is wound on top of a backplate of magnetic 

material. The coil is connected in series with capacitor banks, so that the 

resulting resonant frequency is in the order of 3-5 kHz. Sending-end 

DC/AC converter of the type shown in Fig. 2, operating with a DC voltage 

of maximum 1000 V.

[00119] Rectifier at pickup of the type in Fig. 3, with a load-side DC voltage of 1000 

V.

[00120] With the given dimensions and geometry, it is calculated that the coupling 

coefficient varies between about 0.6 and 0.2, when the two coils are 

perfectly opposed to each other and the distance between them is varied 

between the specified limits. According to (0.8), a worst-case current of at 

least 3333 A must be allowed to flow into the sending coil and into the 

solid-state devices of the converter at sending-end, if the conventional 

method of resonant operation is used to operate the apparatus.
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[00121] The control system in Fig. 9, allows for a reduction in worst-case current to 

about 1270 A, with consequent downsizing of coil and converter. The 

number 1270 A is calculated by considering the power/frequency 

characteristic (as in Fig.6) of the given design and then evaluating the 

voltages and currents that are needed to transfer the rated power at the 

frequency where such characteristic has the peak. Mathematically, this is 

equivalent to solving equation (0.10) using the constraint defined by 

(0.11).

A second embodiment of the present invention

[00122] In a second embodiment of the invention, it is provided an inductive power 

transfer apparatus rated for 1 MW of continuous power transfer at a 

distance variable between 15 and 50 cm. The apparatus configuration is 

shown in Fig. 1 and comprises:

[00123] Primary coil, with external dimensions of approximately 1.0 m width and 

2.0 m length; the coil is planar, and is wound on top of a backplate of 

magnetic material. The coil is connected in series with capacitor banks, so 

that the resulting resonant frequency is in the order of 3-5 kHz. Secondary 

coil, with external dimensions of approximately 1.0 m width and 2.0 m 

length; the coil is planar, and is wound on top of a backplate of magnetic 

material. The coil is connected in series with capacitor banks, so that the 

resulting resonant frequency is in the order of 3-5 kHz. Sending-end 

DC/AC converter of the type shown in Fig. 2, operating with a DC voltage 

of maximum 1000 V.

[00124] Rectifier at pickup of the type in Fig. 4, with a load-side DC voltage of 1000 

V.

[00125] With the given dimensions and geometry, it is calculated that the coupling 

coefficient varies between about 0.6 and 0.2, when the two coils are 

perfectly opposed to each other and the distance between them is varied 

between the specified limits. According to (0.9), a worst-case current of at 

least 1925 A must be allowed to flow into the sending coil and into the 

solid-state devices of the converter at sending-end, if the conventional 

method of resonant operation is used to operate the apparatus.
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[00126] The control system in Fig. 10, allows for a reduction in worst-case current 

to about 1430 A, with consequent downsizing of coil and converter.

[00127] A reference herein to a patent document or any other matter identified as 

prior art, is not to be taken as an admission that the document or other 

matter was known or that the information it contains was part of the 

common general knowledge as at the priority date of any of the claims.

[00128] Where any or all of the terms "comprise", "comprises", "comprised" or 

"comprising" are used in this specification (including the claims) they are to 

be interpreted as specifying the presence of the stated features, integers, 

steps or components, but not precluding the presence of one or more 

other features, integers, steps or components.

Definition list
Inverter DC/AC-converter converting DC 

voltage to an AC voltage
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The Claims defining the invention are as follows:

1. An apparatus for wireless transmission of power from a DC voltage source to 

a DC voltage load, comprising:

a) a primary coil and a secondary coil, the primary coil and the secondary 

coil each connected with capacitive devices configured to achieve a 

common resonance frequency, ωο;

b) said primary coil and secondary coil are mutually movable during 

operation;

c) a DC/AC-converter converting the DC voltage at a primary side to an AC 

voltage of controllable magnitude and frequency at the primary side;

d) a rectifier at a secondary side converting the AC voltage at terminals of 

the secondary coil to a DC voltage at the load on the secondary side; and

e) a control system that regulates the power flow between the primary and 

the secondary coil and automatically adapts to changes in the 

mechanical positions of the two coils by changing in a coordinated way 

the magnitude and frequency of the AC voltage at the terminals of the 

primary coil during operation, wherein

said rectifier is configured for control of the AC voltage amplitude and 

frequency at the terminals of the secondary coil at the secondary side, 

and

the apparatus further comprises at least one additional control circuit 

that calculates the magnitude of the voltage to be enforced at the 

terminals of the secondary coil at the secondary side.

2. The apparatus of claim 1, wherein the primary coil and the secondary coil 

that are connected with capacitive devices configured to achieve a common 

resonance frequency, ωο; while when the coupling increases off-resonance 

operation is allowed.

3. The apparatus of claim 1 or 2, wherein the load at the secondary side has 

constant-voltage characteristics.

4. The apparatus of claim 3, wherein said load with constant-voltage 

characteristics is a chargeable battery.

5. The apparatus of any one of claims 1 to 4, where said DC voltage source is 

obtained by rectification of the AC mains.
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6. The apparatus of any one of claims 1 to 5, wherein the DC/AC-converter is 

based on a H-connection of four switching devices that are controlled to 

generate any value of AC voltage, starting from a given DC-side voltage.

7. The apparatus of any one of claims 1 to 6, wherein the DC/AC-converter is 

based on the H-connection of four switching devices that are controlled so as 

to generate a square-wave voltage of amplitude fixed by the DC-side voltage, 

and a DC-DC converter between the input DC-voltage source and the DC- 

voltage at the DC/AC converter input.

8. A method for wireless transmission of power from a DC voltage source to a 

DC voltage load, comprising the steps of:

a) loosely coupling a primary coil with a secondary coil,

b) equipping the primary coil and the secondary coil with a series-connected 

resonant capacitor, so that the primary coil on the primary side resonates 

at the same frequency, ωο as the secondary coil on the secondary side;

c) arranging said primary coil on the primary side and secondary coil on the 

secondary side so that mutual movement during operation is possible;

d) providing a DC/AC-converter converting the DC voltage at a primary side 

to an AC voltage of controllable magnitude and frequency;

e) providing a rectifier that converts the AC voltage at the terminals of the 

secondary coil at the secondary side to a DC voltage;

f) providing a control system that regulates the power flow between the 

primary coil and the secondary coil and automatically adapts to changes 

in the mechanical positions of the primary coil and the secondary coil by 

changing in a coordinated way the magnitude and frequency of the AC 

voltage at the terminals of the primary coil;

g) providing a load at the secondary side that has constant-voltage 

characteristics:

h) configuring said rectifier for independent control of the AC voltage at the 

terminals of the resonant pickup coil, and

i) providing an additional control circuit that calculates the magnitude of the 

voltage to be enforced at the terminals of the secondary coil at the 

secondary side.
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9. The method of claim 8, wherein step g) further comprises providing said load 

with constant-voltage characteristics as a chargeable battery.

10. The method of claim 8 or 9, wherein the control system in step f) regulates an 

excitation frequency to always be equal or higher than the resonant 

frequency, ωο.

11. The method of claim 8 or 9 , wherein the control system regulates an 

excitation frequency to always be equal or lower than the resonant 

frequency, ωο.

12. The method of any one of claims 8 to 11, further comprising the step of: 

providing the DC/AC-converter based on a H-connection of four switching 

devices that are controlled to generate any desired value of AC voltage, 

starting from a given DC-side voltage.

13. The method of any one of claims 8 to 11, further comprising the step of: 

providing the DC/AC-converter based on the H-connection of four switching 

devices that are controlled to generate a square-wave voltage of amplitude 

fixed by the DC-side voltage, and a DC-DC converter between the input DC- 

voltage source and the DC-voltage at the DC/AC-converter’s input.
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Fig. 3
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Fig. 5
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Fig. 7
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Fig. 8

Fig. 9
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Fig. 10

Fig. 11
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Fig. 12


