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(57) Abrégée/Abstract:

A loosely coupled rotary transformer (100) includes a resonant circuit, such as a resonating capacitor (C3) connected to a power
MOS transistor (Q3), coupled across the primary coll (102) of the transformer (100). The resonant circuit Is connected and
disconnected from the transformer (100) during a power transfer mode and a data transfer mode, respectively. During the power
transfer mode, stored energy In the leakage inductance of the primary coll (102) is used for power coupling, via the resonant circuit
(C3, Q3), Instead of being dissipated as heat. The resonant circuit (C3, Q3) Is disconnected from the rotary transformer (100)
during the data transfer mode to maximize bandwidth for two-way data transfer between the primary and secondary sides of the
transformer (100). Including the resonant circuit (C3, Q3) in the loosely coupled transformer (100) ptimizes data and power transfer
without requiring the use of high-cost, high-efficiency magnetic structures in the core of the transformer (100).
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ABSTRACT

A loosely coupled rotary transtformer (100) includes a resonant circuit, such as a
resonating capacitor (C3) connected to a power MOS transistor (Q3), coupled across the
primary coil (102) of the transformer (100). The resonant circuit is connected and
disconnected from the transformer (100) during a power transfer mode and a data transfer
mode, respectively. During the power transfer mode, stored energy in the leakage
inductance of the primary coil (102) 1s used for power coupling, via the resonant circuit
(C3, Q3), instead of being dissipated as heat. The resonant circuit (C3, Q3) is
disconnected from the rotary transformer (100) during the data transfer mode to
maximize bandwidth for two-way data transfer between the primary and secondary sides
of the transformer (100). Including the resonant circuit (C3, Q3) 1n the loosely coupled

transformer (100) ptimizes data and power transter without requiring the use of high-cost,

high-efficiency magnetic structures in the core of the transformer (100).
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LOOSELY COUPLED
ROTARY TRANSFORMER HAVING RESONANT CIRCUIT

TECHNICAL FIELD
The present invention 1s directed to rotary transformers, and more particularly to

loosely coupled rotary transformers that transfer both power and data between two

structures.

BACKGROUND ART
Rotary transformers, and particularly loosely coupled power transformers, are

often used for transmitting both data and power between two structures that rotate relative
to one another, such as between a vehicle tire and 1ts corresponding wheel axle in a tire
pressure sensor system, or for coupling data and power to a steering wheel. As is known
In the art, loosely coupled power transformers do not conduct power efficiently between
the primary and secondary of the transformer. Instead, a part of the input current into the
primary coil stores energy in the leakage inductance of the coil. Prior art structures often
include a Zener diode across the primary to absorb the energy of the voltage spike that
occurs 1n the transformer when the current to the primary coil is turned off. More
particularly, the Zener diode will conduct current before the drive transistor in the

primary side breaks down. However, under this approach, the stored energy is dissipated
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as heat, thereby wasting the energy built up in the primary coil's leakage inductance and
lowering the power coupling efficiency of the transformer.

To overcome this problem, conventional rotary transformer designs tend to focus
on methods of increasing the coupling efficiency by constructing a magnetically efficient
structure for power transmission, such as by using more expensive, high-efficiency core
matenals, and then adding a complex load impedance mechanism for providing limited
two-way communication through the transformer. This results in an overly complicated
structure requiring close mechanical tolerances, which increases the manufacturing cost
of the system. Further, the bandwidth for these structures tends to be relatively narrow,
which limits the amount of data or the speed at which data can be transmitted between the

primary and secondary sides of the transformer.

SUMMARY OF THE INVENTION

Accordingly, the present invention 1s directed to a loosely coupled rotary
transtormer structure that includes a resonant circuit, such as a resonating capacitor and a
drive transistor coupled, to the primary coil in the transformer. In one embodiment, the
drive transistor connects the capacitqr to the transformer during a power transfer mode
and disconnects the capacitor during a data transfer mode. As aresult, the energy stored
in the primary coil's leakage inductance is coupled to the capacitor when the drive
transistor 1s turned off, allowing the energy to continue being coupled to the secondary
side of the transformer. Thus, the inventive structure uses the stored energy in the

primary leakage inductance for coupling instead of wasting the energy as dissipated heat,
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thereby increasing power coupling efficiency. Also, by disconnecting the resonating
capacitor during the data transfer mode, the inventive transformer structure avoids the
decrease 1n bandwidth that would ordinarily be caused by the resonating capacitor if it
remained connected to the circuit. Preferably, the transformer continuously cycles

5 between the data transfer mode and the power transfer mode via time-sequenced
multiplexing.

An embodiment of the invention also includes a full wave rectifier coupled to the
secondary coil of the transformer to extract the power being coupled to the secondary
side. The rotary transformer according to the invention therefore combines efficient

10 power transfer characteristics with a wide bandwidth for two-way data transfer while
eliminating the need to use high-cost, high-efficiency magnetic structures in the
transformer; the inventive structure is equally as effective for air core transformers as

well as for rotary transformers using a high efficiency magnetic structure.

15 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 1illustrates a rotary transformer according to the present invention

operated 1n a two-way data transfer mode;

Figure 2 illustrates the inventive rotary transformer operated in a power transfer

mode;
20 Figures 3a and 3b illustrate waveforms at the primary side and the secondary side,

respectively, of the inventive rotary transformer during the data transfer mode; and
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Figure 4 1llustrates waveforms generated during the power transfer mode of the

Inventive rotary transformer.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 shows a rotary transformer 100 used in a two-way data transfer mode, in
which data 1s transferred between two structures (not shown), such as two components of
a vehicle steering wheel. The transformer 100 has a primary coil 102 and a secondary
coil 104. Resistors R1 and R3 are placed across the primary coil 102 and secondary coil
104, respectively, to control any ringing produced by the transformer 100 due to the loose
coupling. Typically, the resistance values of resistors R1 and R3 are reduced until the
primary and secondary resonant circuits formed by the transformer’s 100 leakage
inductance and stray capacitance are critically damped. As a result, the transformer's 100
bandwidth 1s very large, allowing the invention to transmit digitally controlled pulse
trains as well as various limited bandwidth sine wave coding schemes, such as frequency-
shift keying (FSK) or other comparable schemes. In other words, the large bandwidth
produced by the structure in Figure ] allows large amounts of virtually any data type to
be transmitted between the primary and secondary sides, which is advantageous in
current automotive applications.

Figures 3a and 3b 1llustrate the waveforms associated with a typical power
transfer mode operation in the inventive rotary transformer 100 structure. A positive
pulse stream A 1s input into the gate of transistor Q1 on the primary side of the
transformer 100, which drops primary coil voltage V2 to primary ground GndP.
Although Figure 1 shows specifically an N-channel MOS driver for Q1, transistor Ql can
be any type of transistor, such as a bipolar driver, without departing from the scope of the

invention. Pulse stream A, shown in Figure 3a, generates an inverted pulse, Vp, at the
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primary coil 102, which is coupled in the transformer 100 to the secondary coil 104,
producing wavetorm Vs as shown in Figure 3a. Waveform Vs is coupled through the
network formed by C2 and R4 on the secondary side of the transformer to output

waveform C, as shown in Figure 3a. Voltage waveform Vs on the secondary side of the

transformer 100, as shown 1n Figure 3a, has an ideal (theoretical) amplitude of Vs =
(N2/N1)*Vp, N1 being the number of turns in the primary coil 102 and N2 being the
number of turns 1n the secondary coil 104. Because the transformer 100 is loosely
coupled, however, the actual amplitude of Vs will usually be smaller than the theoretical
amplhitude.

In a similar manner, as shown in the waveforms of Figure 3b, applying a signal D,
with respect to the secondary ground GndS, to the base of transistor Q2 in the secondary
side results 1n a stmilar inverted signal appearing at B with an i1deal amplitude C=-
(N1/N2)*D with respect to the primary ground GndP. Further, as shown in Figure 1, a
battery VBatP supplies the energy for the primary side of the transformer 100, while
VBatS supplies the energy for the secondary side. VBatS can be obtained from energy
transmitted via pulse stream A or obtained from a power transfer mode, which will be
explained in further detail below.

Figure 2 illustrates the inventive rotary transformer 100 when it is used in a power
transfer mode, where the objective 1s to couple power across the transformer 100, from
the primary side to the secondary side. Because a loosely coupled rotary transformer has,
by definition, a low coupling coefficient, much of the applied power is stored in the

primary coil's leakage inductance and is not coupled to the secondary side. In pulse mode
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applications, when the primary drive transistor Q1 1s turned off, the stored energy in the
primary leakage inductance of the primary coil 102 normally causes the primary voltage
Vp to nise until a component in the primary side breaks down or until the energy is

dissipated as heat via a Zener diode, as explained above.

The 1nventive circuit avoids the voltage control problems experienced by prior art

circuits by placing a resonating capacitor C3 across the primary coil 102 to create a
resonant circuit. As a result, the stored energy in the primary coil’s 102 leakage

inductance 1s coupled to the resonating capacitor C3 when the drive transistor Q3 is

turned off. In doing so, the primary side continues to couple energy to the secondary side

after the dnive transiétor Q3 1s turned off, increasing the power coupling efficiency and
decreasing the overall amount of heat generated by the transformer 100.

The preferred transformer structure 100, as shown 1n Figure 2, also includes a
diode D1 connected to the collector of the transistor Q1, which is shown in the figure as
an n-channel MOS driver. The diode D1 has a negligible effect on the data transfer and
permits the resonant waveform Vp to go below ground, as illustrated in Figure 4, thus
extending the period of active power coupling between the primary and secondary sides
of the transformer 100. Th¢ increase 1n the power coupling time generally increases the
overall power efficiency enough to more than compensate for the additional loss due to
the forward voltage drop across diode D1. Note that if transistor Q1 is a bipolar NPN
transistor rather than an n-channel MOS dniver as described above, diode D1 is not
needed provided that the collector swing of the bipolar NPN transistor is less than its

base-emitter breakdown voltage.
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As can be seen by studying the circutt shown 1n Figure 2 and the waveforms of
Figure 4, resonating capacitor C3 1s disconnected by turning drive transistor Q3 off
whenever transistor Q1 1s turned on. As a result, drive transistor Q1 does not have to
supply any current to resonating capacitor C3, allowing all of the drive current to go to
the transformer 100. When the drive transistor Q3 1s turned off, the stored energy in the
primary leakage inductance resonantly couples the resonating capacitor C3 to the
transformer 100 and then moves back to the primary leakage inductance for continuous
power coupling with the secondary side. In other words, placing the resonating capacitor
C3, rather than a Zener diode, across the primary coil 102 allows the energy stored in the
primary leakage inductance of the coil 102 to be used for power coupling rather than
wasted as dissipated heat. Note that power MOS transistors can conduct in either

direction, a function that 1s necessary for resonating capacitor C3 to be effective as a

resonating capacitor in the 1llustrated embodiment. If a bipolar NPN transistor were to be

used instead of the power MOS transistor Q3, a diode would need to be placed between

the collector and emitter terminals of the bipolar NPN transistor for the circuit to function

in the same manner as a circuit containing the power MOS transistor.

To extract the power being coupled to the secondary side, a full wave rectifier 106

1s connected to the transformer during the power transfer mode, as shown 1n Figure 2.
The full wave rectifier includes diodes D2 and D3 and capacitors C4 and C5. The
voltage at the junction of C4, and C5 1s the equivalent to the battery source VBatS shown

in Figure 1.
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Resonating capacitor C3 increases the power coupling efficiency of the inventive
transformer 100. However, the resonating capacitor C3 tends to limit the bandwidth of
the data transfer to an undesirably low level. To avoid this problem, the invention
preferably time-multiplexes the data and the power modes, continuously switching
between the two modes to provide both efficient power transfer and a wide bandwidth for
two-way data transfer. More particularly, control voltage E 1s input into drive transistor
Q3, turning drive transistor Q3 on and off to connect and disconnect resonating capacitor

C3 and switch the transformer 100 between operating 1n the power transfer mode for a
fixed time period, e.g. 5 ms, and in the data mode for a fixed time period, e.g. 500 us.

The transformer 100 preferably cycles continuously between the two modes. The bit rate
and/or the duration of the data transfer mode can be modified in any known manner to

optimize the amount of data transferred between the primary and secondary sides. For

example, using a 100 kHz data rate (10 us period) transters S0 bits of data between the

primary side and the secondary side in 500 pus . Experimental studies with a low-cost air
core transformer show that data bit rates over 1 MHz are possible in the inventive circuit.
Furthermore, inserting a 500 us data transfer period once every 5 ms of power transfer

time reduces the power mode duty factor by only 10%. Depending on the particular
application in which the inventive transformer circuit 1s used, the length of the data
transfer period can be smaller than 0.1% of the power transfer period.

In the 1llustrated embodiment, when control voltage E 1s high, resonating
capacitor C3 1s connected to the transformer 100 to operate the transformer 100 in the

power transfer mode. To switch the transformer 100 operation 1nto the data transfer
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mode, control voltage E 1s dropped to the primary ground GndP, disconnecting

resonating capacitor C3 from the transformer 100 to obtain the circuit shown in Figure 1.

As a result, the inventive transformer circuit can obtain both good power transfer
and data transfer without requiring specialized, higher-cost magnetic materials, allowing
the inventive circuit to be manufactured with lower-cost, easily available air core
transformers. More particularly, including a resonant circuit across a primary coil in a
loosely coupled transformer allows energy stored in the leakage inductance of the
primary coil to be coupled to the secondary side rather than being wasted as dissipated
heat. Further, the invention can switch between power transfer and data transfer modes
by simply connecting and disconnecting the resonant circuit, making the inventive
structure much simpler than known structures using complex load impedance
mechanisms for generating data transfer capabilities in a transformer.

[t should be understood that various alternatives to the embodiments of the
invention described herein may be employed in practicing the invention. It is intended
that the following claims define the scope of the invention and that the method and

apparatus within the scope of these claims and their equivalents be covered thereby.

10
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CLAIMS

WHAT IS CLAIMED I8:

1. A rotary transformer, comprising:
a primary coll;
5 a secondary coil;

a resonant circuit coupled to the primary coil, wherein stored energy 1n a leakage
inductance in the primary coil is transferred to the secondary coil via the resonant circuit,

the resonant circuit including means for connecting the resonant circuit to the primary

coil during a power transfer mode and disconnecting the resonant circuit from the

10 primary coil during a data transfer mode.

2. The rotary transformer of claim 1, wherein the rotary transformer 1s an air

core transformer.

15 3. The rotary transformer of claim 1, wherein the resonant circuit includes:

a resonating capacitor connected to the primary coil; and

a drive transistor connected to the resonating capacitor, wherein a control voltage
input to the drive transistor turns the drive transistor on and off to connect and disconnect

the resonating capacitor, respectively, and thereby connect and disconnect the resonant

20 circuit from the primary coil.

11
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4. The rotary transformer of claim 3, wherein the drive transistor is a MOS

driver.

5. The rotary transformer of claim 3, wherein the drive transistor is a bipolar

5 dnver having a collector terminal and an emitter terminal, and wherein the rotary

transformer further comprises a diode connected between the collector and emitter

terminals of the bipolar dniver.

6. The rotary transformer of claim 1, further comprising a full-wave rectifier

10 coupled to the secondary coil.

7. The rotary transtormer of claim 1, wherein the data transfer mode and the
power transfer mode are time multiplexed such that the rotary transformer operates in the

data transfer mode for a first time period and operates in the power transfer mode for a

15 second time period, and wherein the rotary transformer continuously cycles between the

data transter mode and the power transfer mode.

8. A rotary transformer, comprising:
a primary coil;
20 a secondary coil;
a resonant circuit coupled to the primary coil, the resonant circuit including a

capacitor connected to the primary coil and a drive transistor connected to the capacitor,

12
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wherein a control voltage input to the drive transistor turns the drive transistor on to
connect the capacitor to the primary coil during a power transfer mode and turns the drive
transistor off to disconnect the capacitor from the primary coil during a data transfer
mode, thereby connecting and disconnecting the resonant circuit, and wherein stored

energy 1n a leakage inductance in the primary coil 1s transferred to secondary coil via the
resonant circuit; and

a full-wave rectifier coupled to the secondary coil.

9. The rotary transformer of claim 8, wherein the rotary transformer 1s an air

core transformer.

10. The rotary transformer of claim &, wherein the drive transistor is a MOS

driver.

11.  The rotary transformer of claim §, wherein the drive transistor is a bipolar
driver having a collector terminal and an emitter terminal, and wherein the rotary
transformer further comprises a diode connected between the collector and emitter

terminals.

13

N ik - - S



CA 02317346 2000-09-07

12.  The rotary transformer of claim 8, wherein the data transfer mode and the
power transfer mode are time multiplexed such that the rotary transformer operates in the

data transfer mode for a first time period and operates in the power transfer mode for a

second time period.

14
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