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(57) Abstract: Systems and methods are disclosed for communicating on a pilot wire (103) between Electric Vehicle Service
Equipment (EVSE) (IOl)and an Electric Vehicle (EV) (102). The EVSE and EV exchange a Pulse Width Modulation (PWM) sig-
na on the pilot wire (103) to control charging operations of the EV (102). Data communications may also be transmitted on the
pilot wire (103), such as between transmit (104) and receive modems (105). The modems transmit commumcation signals either
continuously, without regard to the state of the PWM signal, or only when the PWM isin an off-state. If transmitting while PWM
is on, the modem needs a large coupling impedance and/or alarge signa injection. To transmit only when the PWM is off, the
modem may use a blocking diode in the coupling circuit or may synchronize to the pulses in the PWM signal.
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COMMUNICATION ON A PILOT WIRE
[0001] Thisisdirected, in general, to electric vehicles and, more specifically,
communications carried on apilot wire coupled to an electric vehicle.
BACKGROUND
[0002] Electric vehicles - i.e., vehicles propelled by one or more electric motors - are
powered by large, rechargeable batteries. Electric vehicles are limited by available battery
technology, which limits the range per charge for most electric vehicles. For widespread
deployment and use of electric vehicles to be feasible, there must be widely available recharging
stations, such asin homes and public locations.
[0003] Electric Vehicle Supply Equipment (EV SE) includes chargers and charging
stations for electric vehicles. The EV SEs regulate the amount of power that the electric vehicle
draws from the charging station. The electric vehicle is connected to acable from the EV SE
using a specia connector, such asan SAE J1772-compliant connector. The connector may
include anumber of pins corresponding to different connections between the electric vehicle and
the EVSE, such asa 120 V ACline, a240 V AC line, aground line, apilot wire, and other
connections. When the electric vehicle is connected to the EV SE, the pilot wire isused to
regulate the electricity available to, and/or drawn by, the electric vehicle. A Pulse Width
Modulation (PWM) control signal iscarried on the pilot wire between the EV SE and the electric
vehicle. The duty cycle of the PWM signal indicates to the electric vehicle whether it should
recharge by drawing power from the 120 V AC line, or the 240 V AC line, for example.
[0004] The EVSE iscoupled to apower line network, such as an electrical distribution
network for ahome, and regulates the electricity drawn by the electric vehicle from the power
line network. Power line communications are used on some power line networks to transmit data
and communication signals. Because the electric vehicle is coupled to the power line network
viathe EV SE cable, power line communications may be routed between the electric vehicle and

modems on the power line network.
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SUMMARY

[0005] A pilot wire system couples Electric Vehicle Service Equipment (EVSE) and an
Electric Vehicle (EV) and has apilot wire carrying pulse width modulation (PWM) signals
between the EVSE and EV. First and second modems are also coupled to the pilot wire and
exchange communication signals viathe pilot wire. An interface circuit couples the first modem
to the pilot wire. In one embodiment, the interface circuit is conFlIG.d to have an impedance that
islarger than an effective impedance of the pilot wire system.

[0006] In another embodiment, aline driver circuit in the interface circuit amplifies the
communication signals prior to injection onto the pilot wire. The line driver circuit amplifies the
communication signals by an amount proportional to avariation in the effective impedance of
the pilot wire system, wherein the effective impedance variations are caused by the PWM signals
changing from an on-state to an off-state. The effective impedance of the pilot wire system may
correspond to acombination of an electric vehicle service equipment impedance, an electric
vehicle impedance, and a pilot wire cable impedance.

[0007] The communication signals may be Orthogonal Frequency-Division Multiplexing
(OFDM) signals that comply with aPRIME (Powerline Related Intelligent Metering Evolution)
or G3 standard. The communication signal may be Frequency Shift Keying (FSK) or Phase Shift
Keying (PSK) signals depending on the transmission method.

[0008] In another embodiment, afirst modem is coupled to apilot wire system. The pilot
wire system couples the EVSE and EV using apilot wire carrying PWM signals. The first
modem transmitting communication signals to a second modem via the pilot wire. An interface
circuit couples the first modem to the pilot wire. The interface circuit includes a diode that
blocks the first modem communication signals from reaching the pilot wire when a PWM pulse
ispresent on the pilot wire. The diode comprises an anode coupled to the first modem and a
cathode coupled to the pilot wire. The diode conducts the first modem communication signals to
the pilot wire when the PWM signals are off.

[0009] In afurther embodiment, afirst modem monitors the PWM signals on the pilot
wire to identify whether the PWM signals are on or off. The first modem transmits
communication signals to a second modem via the pilot wire when the PWM signals are off.

The first modem stops transmitting the communication signals when the PWM signals are on.
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The communication signals may be OFDM signals having a zero prefix that coincides with a
duty cycle of the PWM signals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Example embodiments are described with reference to the accompanying
drawings, wherein:

[0011] FIG. lillustrates apilot-wire communication model having an electric vehicle

supply equipment section, an electric vehicle section, and apilot wire section;

[0012] FIG. 2illustrates signals transmitted by the electric vehicle supply equipment and
by the transmit modem;

[0013] FIG. 3illustrates atransmit modem that includes a coupling circuit;

[0014] FIG. 4 illustrates frequency-domain signals received at receive modem,;

[0015] FIG. 5illustrates ssimulation results for an OFDM signal transmitted by atransmit

modem on aPWM system;

[0016] FIG. 6illustrates apilot-wire communication model having atransmit modem
with aunidirectional coupling circuit; and

[0017] FIG. 7 illustrates a PWM-aware transmission in accordance one embodiment of
the invention.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0018] The invention may be embodied in many different forms and should not be
construed as limited to the example embodiments set forth herein.

[0019] FIG. 1illustrates apilot-wire communication model 100 having Electric Vehicle
Supply Equipment (EVSE) section 101, Electric Vehicle (EV) section 102, and pilot wire section
103 connecting EVSE 101 to EV 102. Information iscommunicated between EVSE 101 and EV
102 using a Pulse Width Modulation (PWM) signal on pilot wire 103. The information
conveyed to the EV 102 from the EVSE 101 iscontained in the PWM signal's duty cycle and
signal level.

[0020] Additionally, transmit modem 104 communicates with areceive modem 105 via
pilot wire 103. To preserve the duty cycle information, transmit modem 104 and receive modem
105 must have sufficiently large impedance to prevent the PWM signal pulses from spreading
and, therefore, changing the duty cycle. The signal from the transmit modem will be added to
the PWM pulses and, therefore, may affect the apparent PWM signal level observed at EV 102.

3.
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Accordingly, the transmit modem must inject arelatively small signal during the PWM pulses to
preserve the PWM level transmitted by EVSE 101.

[0021] FIG. 2illustrates signals transmitted by EVSE 101 and by transmit modem 104.
PWM signal 201 is generated by EVSE 101 and is sent over pilot wire 103 to the EV 102. The
PWM signal 201 has arepeating period 202 comprising aplurality of pulses 203 having pulse
widths 204. The signal levels for pulses 203 aswell asthe duty cycle of PWM signal 201 carry
information to EV 102. The PWM signa 201 is generated in accordance with a standard used by
both EVSE 101 and EV 102. The pulse width 204, signal level of pulse 203, and duty cycle of
PWM signal 201 must comply with the standard. The signals added to the pilot wire 103 by
transmit modem 104 should not affect the characteristics of the PWM signals or the PWM signal
may not comply with the relevant standard.

[0022] Signal 205 isadata signal generated by transmit modem 104. In one
embodiment, signal 205 is an Orthogona Frequency-Division Multiplexing (OFDM) signal
corresponding to the PRIME (Powerline Related Intelligent Metering Evolution) or G3
standards. In other embodiment, transmit modem 104 and receive modem 105 may
communicate using adifferent standard or protocol, such asa Spread Frequency Shift Keying (S
FSK) corresponding to the International Electrotechnical Commission (IEC) 61334-5-1 standard
or Phase Shift Keying (PSK).

[0023] For successful communication between modems 104, 105, the transmit modem
104 should inject signal 205 with a sufficiently large signal level to overcome interference from
the PWM signal 201 and noise on the pilot wire 103. In one embodiment, the pilot wire noise is
approximately 500 mV p-p noise over a 10 MHz channel, and the maximum transmit modem
signal 205 is approximately 600 mV p-p.

[0024] Transmit modem 104 may transmit signal 205 either continuously or during
selected periods. In one embodiment, transmit modem 104 transmits signal 205 without regard
to the state of PWM signal 201. In another embodiment, transmit modem 104 transmits signal
205 only during the off state for PWM signal 201. Signal 206 illustrates a combined signal level
206 that would be detected by EV 101 on pilot wire 103. Signal 206 would occur if transmit
modem 104 transmitted all the time, including when PWM signal 201 ison.

[0025] Certain constraints may be required if transmit modem 104 ison during PWM

pulses 203. In particular, the coupling circuits for transmit modem 104 and receive modem 105
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may need to be adapted to minimize or avoid the modems effect on the pilot wire
characteristics.

[0026] FIG. 3illustrates atransmit modem 301 that includes a coupling circuit 302.
Signals generated in transmit modem 301 are fed through line driver 303 and coupling circuit
302 to pilot wire 304. The effective impedance of PWM circuit 100 (FIG. 1) to ground isZ 4 =
(Cl . C.nC2.R2). Zeff may vary significantly depending on the equivalent capacitance (Cl
+C,.) of EVSE 101. In some embodiments, the EV SE capacitance (Cl +Cc) value may vary
from 300 pF to 3100 pF. While transmitting, transmit modem 301 has an impedance Z,, that is
determined by the capacitance C,, of coupling circuit 302. Certain constraints to transmit
modem 104 may be considered to improve system performance during constant modem signal
transmission.

[0027] To ensure that the behavior of PWM circuit 100 does not change during constant
operation of transmit modem 104, the coupling circuit impedance Z,, must be much larger than
the impedance Zeff. In the example illustrated in FIG. 3, if C islarger than approximately 1nF,
then PWM pulse 203 rise time isincreased, which increases the pulse width 204 of PWM pulse
203 and reduces the duty cycle of the PWM signal. This result isunacceptable because it can
change the information carried on the PWM signal, which isrepresented at least in part by the
duty cycle. A first constraint isto require coupling circuit 302 to have an impedance Z that is
larger than the largest value of PWM impedance Zeff.

[0028] Taking into account the modem and PWM system impedances, the received
signal level (S,) isequal to the transmitted signal level (S, ) times Zt /(2 + Z ;) ~

S X(Z ilZ). Thereceived Sy signal varies dmost linearly with Zeff, which could, in theory,
vary by afactor of 10. Assuming that the minimum signal level required for communication is
defined astin, then a second constraint isthat the input signal S, may need to be up to 10 x
V,j» to compensate for worst case signal variation.

[0029] FIG. 4 illustrates the frequency-domain signals S, received at receive modem 105
(FIG. 1). The total received signa S, isequal to signal S, 401 transmitted by transmit modem
104, plus the PWM signal 402 transmitted by EVSE 101, plus noise 403. Asillustrated in FIG.
4, pulses in PWM signal 402 generate significant in-band frequency components. Transmitted
signa S, 401 is 700 mV p-p, and noise signal 403 is 500 mV p-p over 10 MHz. Additionally,

the in-band components of PWM 402 cause large in-band impulsive noise during every
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transition of PWM pulses 203. In one embodiment, the in-band signal-to-AWGN noise ratio is
approximately 13 dB. Asillustrated in FIG. 4, the PWM signal 402 overrides some of the
transmit modem signal 401, which will result in erasing some of the transmit modem signal.
[0030] FIG. 5illustrates simulation results for an OFDM signal transmitted by atransmit
modem on aPWM system. Asillustrated, the frame error rate decreases with increasing transmit
voltage. Additionally, the frame error rate i s better for configuration 501 (10% of samples
erased by PWM) compared to configuration 502 (15% of samples erased by PWM). The main
source of error isthe PWM components in-band with the transmit modem signal. These errors
may be combated in one embodiment by detecting when the PWM spikes will occur and erasing
them. In one embodiment, 15% erasures are expected, so a400 mV p-p signal would be
necessary to achieve approximately 1b/s/Hz or about 250 kbps in the example of FIG. 5.

[0031] Asillustrated above, when the transmit modem operates without regard to or
independent of the PWM state, the system performance islimited by PWM harmonics faling in-
band during every transition. The PWM harmonics may be handled in one embodiment by
detecting them and erasing the received signal in the transition region. With 15% of the signal
erased due to the PWM spikes, the transmit modem would need about 400 mV p-p signa
injection.

[0032] One problem with the PWM system isthat the modem transmitter coupling circuit
impedance needs to be larger to ensure that the PWM signal isnot distorted. With alarge
coupling circuit impedance, the actual signal level injected depends on the pilot wire or charging
cable capacitance. Accordingly, to achieve a400 mV signal injection, the transmit modem may
need to provide alarger signal level. One possible solution to this situation isto use receiver
feedback to set the transmit level for the modem. Another possible solution isto use adifferent
coupling circuit with alarge resistance (R__We) in series with alarge capacitance. The receive

level would depend on R2/R Either the resistance or the transmit level may be adapted

couple’
according to the receiver state.
[0033] Ancther problem with the PWM system isthat other noise sources may affect
performance, particularly when the EV charger is on, which will require ahigher signal injection
level. Possible solutions to this problem include not transmitting during PWM on state, injecting

alarger signa level, or using a small coupling circuit impedance.
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[0034] Inview of the issues discussed above, it may not always be feasible for the
modem to transmit. In another embodiment, the transmit modem only transmits during the
PWM off state. In afirst variation, the modem transmitter is not aware of the PWM state, but
instead relies on the coupling circuit design for signal blocked. In a second variation, the modem
transmitter is aware of the PWM state, and does not transmit during the PWM on state. With
either of these variations, the transmit modem may inject enough signal during the PWM off
state to enable communication. Accordingly, communication on apilot wire isfeasible with
appropriate modem design.

[0035] FIG. 6illustrates apilot-wire communication model 600 having atransmit
modem 604 with aunidirectional coupling circuit. Electric Vehicle Supply Equipment (EV SE)
601 communicates with Electric Vehicle (EV) 602 over pilot wire 603. Information is
communicated between EVSE 601 and EV 602 using PWM signals on pilot wire 603. Transmit
modem 604 and receive modem 605 also communicate over pilot wire 603 using, for example,
OFDM or S-FSK signals.

[0036] Transmit modem 604 is coupled to pilot wire 603 via transmit diode D,,. When
the PWM signal ison, the top side of diode D,, is at ahigher voltage than the bottom side and,
therefore, diode D, will not conduct. The PWM signal sees ahigh impedance when diode D, is
reversed biased. Therefore, the duty cycle of the PWM signal islevel not affected by transmit
modem 604. However, with diode D,, in anon-conductive state, the transmit signal from
modem 604 isblocked. When the PWM signal is off, diode D, will conduct the signal from
transmit modem 604. Because the modem transmit signa isinjected only when the PWM
signa is off, the modem transmit signal may be 1-2 V p-p without distorting the PWM signal.
Accordingly, ahigh data rate possible with this configuration.

[0037] FIG. 7 illustrates a PWM-aware transmission 701 in accordance one embodiment
of the invention. The transmit and receive modems synchronize to the PWM signal 702. The
transmit modem detects the end of the PWM pulse 703 and starts transmitting while the PWM is
off. The receive modem also detects the end of the PWM pulse 703 and begins processing the
received signal. The synchronized receive modem may ignore the signals received during the
PWM on- state.

[0038] In one embodiment, an OFDM symbol period of 1 msisused. A zero prefix may
be used instead of a cyclic prefix and may coincide with the PWM duty cycle. The transmission

-
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plan illustrated in FIG. 7 avoids interference from the PWM signal. White noise isthe only
source of error while the PWM signal isin the off-state. Additionally, the transmit modem may
use a coupling circuit with small impedance during the PWM on- state.

[0039] Asdiscussed above, there are two general methods that form communication on a
pilot wire. In afirst method, the modem transmits continuously without regard to the PWM
state. In one embodiment, during the PWM on-state, the transmit modem uses a large transmit
coupling circuit impedance, which results in aconsequent variation in the signal level at the
receive modem. To achieve reliable communications, the transmit modem may need alarge
signal injection level or receiver feedback for adaptation. With current noise assumptions, the
transmit modem is estimated to require atransmit signal of approximately 400 mV p-p.

[0040] In a second method, the modem transmits only during PWM off-state. This may
be accomplished in at least two ways, including coupling circuit blocking and transmitter
synchronization. In one embodiment, synchronized transmission performs better than coupling
circuit blocking, but may require more modem processing to identify the PWM on-state.

[0041] Those skilled in the art will appreciate that other embodiments and variations are
possible within the scope of the claimed invention; and that, even though for brevity or
simplicity features or steps are described in the context of example embodiments having all or
just some of such features or steps, embodiments having different combinations of one or more

of the described features or steps are also intended to be covered hereby.
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CLAIMS
What isclaimed is:

1. A circuit, comprising:

afirst modem coupled to apilot wire system, the pilot wire system coupling electric
vehicle service equipment and an electric vehicle and having apilot wire carrying pulse width
modulation (PWM) signals, the first modem transmitting communication signals to a second
modem viathe pilot wire; and

an interface circuit coupling the first modem to the pilot wire, the interface circuit having
an impedance that islarger than an effective impedance of the pilot wire system.

2. The circuit of claim 1, further comprising:
aline driver circuit in the interface circuit, the line driver circuit amplifying the
communication signals from the first modem prior to injection of the communication signals

onto the pilot wire.

3. The circuit of claim 2, wherein the line driver circuit amplifies the communication signals

by an amount proportional to avariation in the effective impedance of the pilot wire system.

4. The circuit of claim 3, wherein variations in the effective impedance of the pilot wire
system are caused by the PWM signals changing from an on-state to an off-state.

5. The circuit of claim 1, wherein the effective impedance of the pilot wire system
corresponds to a combination of an electric vehicle service equipment impedance, an electric

vehicle impedance, and apilot wire cable impedance.

6. The circuit of claim 1, wherein the communication signals are Orthogonal Frequency-
Division Multiplexing (OFDM) signals.

7. The circuit of claim 6, wherein the OFDM signals comply with a PRIME (Powerline
Related Intelligent Metering Evolution) or G3 standard.

9.
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8. A circuit, comprising:

afirst modem coupled to apilot wire system, the pilot wire system coupling electric
vehicle service equipment and an electric vehicle and having apilot wire carrying pulse width
modulation (PWM) signals, the first modem transmitting communication signals to a second
modem viathe pilot wire; and

an interface circuit coupling the first modem to the pilot wire, the interface circuit
comprising adiode that blocks the first modem communication signals from reaching the pilot

wire when aPWM pulse ispresent on the pilot wire.

9. The circuit of claim 8, wherein the diode comprises an anode and a cathode, the anode
coupled to the first modem, and the cathode coupled to the pilot wire.

10. The circuit of claim 9, wherein the diode conducts the communication signals from the

first modem to the pilot wire when the PWM signals are off.

11. The circuit of claim 8, wherein the communication signals are Orthogonal Frequency-

Division Multiplexing (OFDM) signals.

12. The circuit of claim 11, wherein the OFDM signals comply with aPRIME (Powerline
Related Intelligent Metering Evolution) or G3 standard.

13. A method, comprising:

coupling afirst modem to apilot wire system, the pilot wire system coupling electric
vehicle service equipment and an electric vehicle and having apilot wire carrying pulse width
modulation (PWM) signals;

monitoring the PWM signals to identify whether the PWM signals are on or off;

transmitting communication signals from the first modem to a second modem viathe
pilot wire when the PWM signals are off; and

stopping transmission of the communication signals when the PWM signals are on.

-10-
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14. The method of claim 13, wherein the communication signals are Orthogonal Frequency-

Division Multiplexing (OFDM) signals.

15. The method of claim 14, wherein the OFDM signals comprise a zero prefix that coincides

with aduty cycle of the PWM signals.

16. The method of claim 14, wherein the OFDM signals comply with a PRIME (Powerline
Related Intelligent Metering Evolution) or G3 standard.

-11-
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