
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2016/038362 Al
17 March 2016 (17.03.2016) P O P C T

(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
H02H 7/08 (2006.01) H02H 7/122 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

PCT/GB20 15/052604 KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

(22) International Filing Date: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,

>September 2015 (09.09.2015) PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,

141601 1.3 10 September 2014 (10.09.2014) GB GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,

(71) Applicant: TRW LIMITED [GB/GB]; Stratford Road, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Solihull, West Midlands B90 4AX (GB). DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,(72) Inventor: CASH, Ian James; Henbrook, 40 Mayfield
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

Road, Ashbourne, Derbyshire DE6 IAS (GB).
GW, KM, ML, MR, NE, SN, TD, TG).

(74) Agent: BARKER BRETTELL LLP; 100 Hagley Road,
Published:Edgbaston, Birmingham, West Midlands B16 8QQ (GB).
— with international search report (Art. 21(3))

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(54) Title: MOTOR DRIVE CIRCUITRY

+ve

(57) Abstract: A motor drive circuit for use in driving a motor having two or more phases comprising a motor bridge having, for
each phase of the motor, a bridge arm comprising an upper switch and a lower switch that in normal operation may be opened and

© closed to modulate the voltage applied to the respective phases in response to drive signals from a motor control circuit, at least one

v
solid state phase isolation relay that is provided in series in an electrical path connecting a respective phase of the motor to a respect
ive bridge arm, the relay being closed in normal operation so that current can flow in the phase and is held open in a fault mode of

o operation to prevent the flow of current in the phase. The circuit also includes monitoring means for monitoring the current wave
form in the phase to provide, at least in a fault mode of operation, an output indicative of when it is safe to open the SSPIR without

o causing damage due to the SSPIR due to an avalanche mode, and a control circuit that during normal operation applies a voltage to
each device that is sufficient to hold the SSPIR closed and which, in the fault mode of operation, responds to the output of the mon
itoring means to reduce the voltage applied to each SSPIR to a level that causes the SSPIR to open at the safe time.



MOTOR DRIVE CIRCUITRY

This invention relates to improvements in motor drive circuitry, especially but

not exclusively for use in electric power assisted steering assemblies.

Electric power assisted steering systems are known of the kind in which an

electric motor applies assistance torque to a part of the steering in order to

assist the driver of the vehicle in turning the wheel. The motor may typically

act upon the steering column or may act upon the steering rack, through a

reduction gearbox. A measurement of the torque applied to the steering

apparatus by the driver when turning the wheel is passed to a processor which

produces a torque demand signal which is in turn used to control the motor to

produce the required assistance torque. Applying an assistance torque of the

same sense as the driver applied torque reduces the amount of effort needed to

turn the wheel.

The motor, which may be a star or wye connected motor, such as a

multiphase permanent magnet motor, is controlled by a motor control circuit

and a motor drive circuit. The motor drive circuit comprises switches which

can be opened and closed to connect the phases of the motor to a DC source,

such as a battery or an earth, in response to a control pattern provided by the

control circuit. Specifically, each phase is connected to a positive supply rail

through a top transistor which when turned on connects the motor phase to a

battery positive terminal connected to the positive supply rail. Similarly, each

phase is connected through a bottom transistor to a negative supply rail

through a bottom transistor. When switched on the bottom transistor connects

the phase to the negative rail which is in turn connected to a battery negative

or earth, The two transistors- top and bottom- form one arm of a multiple arm

bridge circuit that is the heart of the drive circuit. By opening and closing the

switches it is possible to selectively and independently route current through

each phase of the motor.



The control circuit comprises a digital or analogue circuit or some

combination of both. The function of the control circuit is to supply control

signals to the bridge transistors to open and close them in a pattern which in

turn causes the current to flow through the phases as required for a given

motor torque and speed. Generally the pattern will be set by the control

circuit according to the motor position and the torque measured in the steering

system by a torque sensor. Typically the pattern for each arm of the bridge

comprises a pulse width modulated waveform.

An example of a typical prior art motor and drive circuit is shown in Figure 1

of the drawings. A battery (not shown) supplies power to a 3 phase bridge

with top switches 2, 3 , 4 and bottom switches 5, 6, 7 which feed a 3 phase

permanent magnet motor 8. The switches shown are MOSFETS but could be

any other type of semiconductor switch such as Bipolar transistors. Where

reference is made in this document to MOSFET devices the reader should

understand that this is intended generally to cover any solid state relay or

switch.

A problem with such an arrangement is that a fault mode can arise in which a

top switch in an arm of the bridge and a bottom switch in another arm of the

bridge may both be stuck in the closed position, resulting in a permanent path

for DC current from the battery through the positive rail, through at least two

phases of the motor and back to the negative rail. This can occur for many

reasons, such as a fault in the control circuit resulting in a control pattern

being applied to the drive circuit which is incorrectly instructing transistors to

stay closed, or a faulty switch. When such a fault condition occurs the motor

resists turning, making it difficult for the driver to turn the wheel.

To prevent the current being drawn from the supply along the path described

in the previous paragraph, the remaining bridge switches could be placed in a



fault mode where they are all turned OFF (i.e. open circuit). However, it is

still possible for current to flow through the motor along a path as shown in

Figure 2 of the drawings. Due to the inductance of the Motor, any current flowing

in the fault mode will continue to flow through the faulty bridge switch and the body

diodes of two other top or bottom MOSFETs - dependant on the direction of current

flow.

With no other source present, this fault current will decay to zero as energy is

dissipated in the resistance of the motor windings and over the forward voltage drop

of the conducting MOSFET body diodes. This is shown in Figure 3 .

However, this situation does not adequately isolate the Motor; continued (unassisted)

steering input from the driver will rotate the motor, generating a back-emf voltage

between windings. As soon as this back-emf exceeds the forward voltage of the

MOSFET body diode (top or bottom MOSFET alongside the faulty MOSFET) current

will again flow giving a half-wave rectified periodic current waveform, resisting the

actions of the driver (Motor Damping). This is shown in Figure 4 of the drawings.

This is an unacceptable situation which must be rectified within a short duration set

by the applicable Safety Requirement.

To ensure that current cannot flow due to back EMF Vbemfl,2 as the motor is

physically rotated, for example by a driver, it is known to place in each motor phase

an additional isolation switch referred to in this text as a solid state phase isolation

relay (SSPIR). This term encompasses a range of solid state switches including

MOSFETS and bipolar transistors. When a fault has occurred, the drive circuit is

placed in a fault event mode in which these switches are held open (non-conducting)

to ensure no current can flow in the phase. A simple circuit with an isolation switch,

herein referred to as a solid state phase isolation relay (SSPIR), in each phase, is

shown in Figure 5 .

Although the use of SSPIRs would appear to be a perfect and total solution to the

problem, the applicant has previously appreciated that an issue with an SSPIR arises

when a SSPIR opens either intentionally or unintentionally whilst a high current is

flowing through it. Under this circumstance, the voltage across the SSPIR will rise



rapidly due to the increasing drain-source resistance in the moments before opening

until the breakdown voltage of the switch is reached (avalanche condition), unless

limited by external means. This combination of high voltage in the presence of high

current flow results in a short high-power pulse. The energy contained within this

pulse may result in the short-circuit failure of the SSPIR, defeating its purpose. This is

shown in Figure 6 .

It is known to wait for the current in the motor to decay before opening the

SSPIRs. However, this is not a total solution to the problem of possible short-

circuit failure of the SSPIRs. Consider a representative automotive application

based on a 12 volt supply battery where the bridge MOSFETS are opened as

shown in Figure 6 following detection of a faulty bridge MOSFET. Continued

(unassisted) steering input from the driver will rotate the motor, generating a periodic

back-emf voltage between windings. As soon as this back-emf exceeds the forward

voltage of the MOSFET body diode (top or bottom MOSFET alongside the faulty

MOSFET) current will again flow (half-wave rectified), resisting the actions of the

driver (Motor Damping). This current may be high enough that any subsequent

attempt to open the SSPIRs will cause them to enter an avalanche mode where the

power dissipated exceeds the rating of the SSPIR, leading to catastrophic failure.

Attempts have been made in the past to overcome this limitation by providing

a snubber circuit that absorbs the energy during an opening of an SSPIR that

would otherwise lead to damage due to excessive power dissipation in the

SSPIR. However, the provision of the snubber circuit in itself can cause

problems where the snubber circuit cannot deal with the sudden changes in

current, and in any event the introduction of additional components in the

snubber increase costs and lead to more potential points of failure.

An object of the present invention is to ameliorate the problems associated

with the use of SSPIRs without resorting to the use of additional snubber

circuitry.



According to a first aspect the invention provides a motor drive circuit for use

in driving a motor having two or more phases, the motor drive circuit

comprising:

a motor bridge having, for each phase of the motor, a bridge arm comprising

an upper switch and a lower switch that in normal operation may be opened

and closed to modulate the voltage applied to the respective phases in

response to drive signals from a motor control circuit,

at least one solid state phase isolation relay SSPIR that is provided in series in

an electrical path connecting a respective phase of the motor to a respective

bridge arm, the SSPIR being closed in normal operation so that current can

flow in the phase and is held open in a fault mode of operation to prevent the

flow of current in the phase,

characterised by comprising:

monitoring means for monitoring the current waveform in the phase to

provide, at least in a fault mode of operation, an output indicative of when it

is safe to open the SSPIR without causing damage due to the SSPIR due to an

avalanche mode, and

a control circuit that during normal operation applies a voltage to each device

that is sufficient to hold the SSPIR closed and which, in the fault mode of

operation, responds to the output of the monitoring means to reduce the

voltage applied to each SSPIR to a level that causes the SSPIR to open at the

safe time.

The invention therefore ensures that the SSPIR is not damaged on opening due

to excessive power dissipation in the SSPIR, which is known to be a function

of the product of the current that flows through the motor and the voltage

dropped across the SSPIR. This is achieved by careful monitoring of the

current waveform.

Where each phase is provided with a respective SSPIR, the monitoring means

by monitor the current waveform in each phase independently, so that the



timing of opening of each SSPIR is independent of the other SSPIRs. Opening

of each SSPIR may be done independently so they do not all have to open at

the same time but only when safe to do so.

The current monitoring circuit that monitors the current flowing in each phase

may monitor the amplitude of the current, or it may monitor the rate of

change of current, either directly or indirectly. By directly we mean monitor

the actual current or rate of change of current, and by indirectly we mean

monitoring a parameter that varies as a function of the current or rate of

change of current.

It is preferred that the monitoring means monitors a signal that is dependent

on the rate of change of current, and in particular that the monitoring means

determines when the signal dependent on the rate of change of current in a

respective phase is negative. This event is indicating that the current is

falling, and is an indicator that it is a safe time to open the SSPIR.

In one arrangement, the monitoring means may have a threshold rate of

change of the signal it is monitoring which must be exceed before the output

indicates it is safe to open the switches. Thus, small fluctuations in the signal

being monitored that do not cause the rate of change to exceed the threshold

will not cause the output to be triggered.

In one preferred arrangement, the output signal from the monitoring circuit

may comprise a two value switched output that has a first value when the

voltage is below a detection threshold, and a second value when it is above

the threshold and is falling. The change in this signal may provide the trigger

for the control means to open the SSPIRs.

In one especially advantageous arrangement, the monitoring circuit monitors

the current waveform by monitoring a signal indicative of the voltage dropped



across the SSPIR. By this we mean the drain-source voltage if the SSPIR is a

MOSFET device. This voltage will be a function of the resistance of the

SSPIR and the current, and although the resistance may vary during

monitoring this signal will be a function of current.

This is especially advantageous as it allows the current to be monitored

without the need for any additional circuitry such as a dedicated current sense

resistor having to be placed in series in the phase.

The signal monitored may be the actual dropped voltage, or a fraction of the

actual voltage as measured across a potential divider.

The monitoring means may include a low pass filter through which the voltage

signal is passed, the monitoring means monitoring the filtered signal. The

signal monitored will then be a signal that is the derivative of the voltage

dropped across the SSPIR, or a fraction of the voltage.

In a simple arrangement the current monitoring circuit may include an RC

filter in which the resistance R is at least in part dependent on the device

resistance.

By monitoring the rate of change of the device voltage and triggering if a

threshold rate of negative change is exceeded, the current monitoring circuit

will trigger if it detects that the current waveform has passed a peak and is

dropping. For the recitified perdiodic waveform that occurs as the motor is

turned by a driver this will signal a safe time as the current will be dropping

to zero.

The applicant has appreciated that in normal operation with the SSPIR closed,

the resistance dropped across the SSPIR will be very small and to monitor this

would require a very sensitive monitoring circuit.



Therefore in a refinement, in order to provide a voltage that is easier to

measure using less sensitive circuitry the control circuit may be configured so

that after initiation of a fault mode the voltage applied to the gate is dropped

gradually over time so that prior to reaching a voltage at which the SSPIR is

opened it gradually passes through the threshold region in which the drain

source resistance varies highly for small changes in gate voltage.

As it is difficult to control the voltage precisely to give a known resistance,

and the risk of suddenly switching to a voltage where the resistance is too

high and so an avalanche failure occurs, the control circuit may be arranged

to slowly drop the voltage from a first voltage at or close to the threshold

voltage, to a second voltage that is below the voltage at which the SSPIR

opens. By slowly we mean that it drops from the threshold to the opening

voltage over at least 20 milliseconds, or at least 50 milliseconds. This time

may be chosen as a function of the rate of rotation of the motor, so that it

takes at least two cycles of the current waveform to drop through the

threshold region when the motor is at its maximum rated speed.

By threshold we mean the voltage at which the resistance-gate voltage curve

shown, for example, in Figure 16 passes the obvious knee and the resistance

starts to rise at a much higher rate for a given change in base voltage (or base

current in the case of a bipolar device) compared with when it is held at a

voltage (or current) considerably above this threshold or knee voltage. For a

typical device this will be around 4-5 volts, with a fully open voltage of

around 2 volts or less. When fully open the resistance is in effect infinite.

The SSPIR control circuit may be configured, following the initiation of a

fault mode of operation, to rapidly drop the voltage applied to the gate or

base of each SSPIR to a level closer to the threshold of the SSPIR but above

threshold voltage, and subsequently to more slowly reduce the voltage over

time to pass though the threshold. Ideally this drop takes the voltage rapidly



to a point just above the threshold, but to be safe it is best to drop to a

voltage, say, 2-3 or so volts above the threshold and then drop gradually.

The rapid initial drop followed by slow drop ensures that the total time to

naturally drop to a voltage at which the SSPIR is opened is not as long as it

would be if the rapid drop was omitted for a given slow drop in voltage. This

ensures the device naturally opens in an acceptable time period when the

current is too low to trigger the monitor, whilst not dropping too fast for the

monitoring circuit to be able to trigger before an avalanche condition is

reached.

The control circuit for the SSPIR may include a reservoir capacitor that is

connected to the gate or base of the SSPIR that following the start of a fault

event provides a voltage of which a full or reduced proportion is applied to

the gate prior to opening the SSPIR at or just above the threshold.

The control circuit may be configured to provide a path through which current

is drawn from the reservoir capacitor to cause the gate voltage to drop

gradually towards the SSPIR opening voltage through the threshold.

The rate of high initial drop and the slower following voltage drop at the gate

may be selected to ensure that the SSPIR is opened after a predefined

maximum period of time regardless of the current flowing in the phases, i.e.

independent of any output from the monitoring means. This ensures the relay

is opened when there is low current flowing, which would not be enough

otherwise to trigger the output of the monitoring means. A typical time might

be 100 milliseconds or less.

In one convenient arrangement, the SSPIR control circuit may be configured

to apply a voltage from a fixed voltage source to the gate (for a MOSFET) or

base (for a bipolar transistor) of the SSPIR that is a considerable voltage

above the threshold voltage during normal operation of the motor to ensure



that the SSPIR is closed. This ensures the SSPIRs allows current to flow

through the phases. This voltage may be chosen to be at least 14 volts or

more, above the threshold of the device. The initial rapid drop may then be

around 4 or 5 volts to around 9-10 volts, for a SSPIR with a threshold of

around 5 volts.

When a fault event is initiated the control circuit may isolate the gate from the

fixed voltage supply. Where a reservoir capacitor is provided this will become

the replacement voltage source. When connected to the supply, the reservoir

capacitor will be kept topped up by the fixed voltage supply.

The SSPIR control means may include a clamp circuit associated with each

SSPIR that rapidly opens the SSPIR at the safe time by rapidly dropping the

voltage applied to the gate or base of the SSPIR. Where the voltage is set by a

reservoir capacitor, the clamp circuit may be configured to provide a path

through which current is rapidly drawn from the capacitor.

The clamp circuit is preferably configured so that the voltage at the gate drops

to a level at which the SSPIR is opened in a time that is less than one half

period of the rectified current waveform produced due to back emf when the

motor is rotating at its peak design speed. This ensures it is fully turned off

before the current will start to rise again. During clamping the slow gradual

drop in voltage becomes a much more rapid drop.

Note that in the case where a bipolar transistor is used in place of a

MOSFET, the controller will control the base current and not the voltage. The

reader will understand this difference and any reference to controlling gate

voltage in a MOSFET should also be understood to be a disclosure of an

equivalent control of base current in a bipolar device.



As mentioned, the invention may provide an SSPIR in each phase of the

motor, and the monitoring means and control means may control each SSPIR

independently. Thus, the current waveform in each phase may be monitored

so that each SSPIR is safely shut down.

The control means initiates the opening of the SSPIRs when a fault event is

triggered. It is envisaged that this may be triggered by a variety of different

events.

For example, the circuit may include a bridge monitoring means that

generates a signal indicating that a switch of the bridge is not operating

correctly,

a bridge shutdown control means that, upon receiving the signal from the first

monitoring means indicating that a switch of the bridge is not operating

correctly opens the remaining switches of the bridge and holds the switches

open, and outputs a signal that is used by the control circuit of the SSPIRs to

initiate a fault event mode.

By a switch not operating correctly we mean that the switch is broken and is

stuck closed, or that the switch is incorrectly being held closed by incorrect

drive signals.

The bridge monitoring means may form a part of a diagnostic means which

monitors the integrity of the drive circuit. This may be arranged to monitor

one or more of the following operational parameters of the drive circuit:

The Diagnostic means may comprise circuitry that comprises at least two parts:

1) Diagnostic Sense circuitry for the voltage supply to the SSPIRs and for each

Phase voltage provided by the Bridge ;and

2)

3) Diagnostic Trigger circuitry, which exercises the control means and monitoring

means.



The Diagnostic circuitry and algorithms may be configured to verify the following

functionality:

1) That the voltage Supply to the gate or base of each SSPIR can be switched and

that it can provide sufficient voltage to maintain each SSPIR in the on-state

regardless of the associated Phase voltage.

2) That, in the on-state, each SSPIR can provide connection between the

associated Phase and Motor terminal.

3) That, in the off-state, each SSPIR can provide sufficient isolation between the

associated Phase and Motor terminal.

4) That, following opening or each SSPIR, each SSPIR remains closed for a

minimum duration sufficient for inductive fault currents to decay.

5) That, following initial shutdown of the bridge, each SSPIR will open with a

maximum duration set by the Safety Requirement.

6) That, following initial shutdown of the bridge, each SSPIR can be triggered to

open within a short duration (shorter than the durations associated with 4 and 5

above)

7) That, following initial shutdown of the bridge, each SSPIR has trigger

sensitivity (to regenerated Motor currents) lying within "must operate" and

"must not operate" levels.

In addition, the Diagnostic circuitry and algorithms must satisfy 1 through 7 above

over the full operating temperature range and for Motor rotation at all angular

velocities including zero and maximum.

The diagnostic circuitry may determine the integrity on start-up, or at run

time, and operation of the drive circuit may be aborted if the circuit is

considered defective.

The motor drive circuit may comprise a drive circuit of an electric power

assisted steering system. The circuit may drive a motor which is connected to

a steering wheel of the vehicle.



According to a second aspect the invention provides a method of driving a

motor of the kind having multiple phases, each phase being connected to a

bridge driver through a respective solid state phase isolation relay (SSPIR) ,

the method comprising, in the event of a fault event being initiated,

performing the following steps in order:

determining a time when the current flowing in each phase is at a level where

it is safe to open the SSPIRs without causing damage due to the SSPIR

entering an avalanche mode, and in the event that a safe time is identified

opening the SSPIRs.

The method may comprise monitoring the current waveform flowing in each

phase, or monitoring a signal that is a function of the current waveform, to

detect when the current has passed a peak, and opening the SSPIR once the

peak has been passed.

The method may comprise monitoring the current waveform indirectly by

monitoring the voltage dropped across the SSPIR. This voltage will be

dependent on the current and the resistance of the SSPIR, but by holding the

resistance relatively constant or ensuring that it is gradually rising, any

negative change in voltage will be a function of a negative change in current

and indicate a safe time to open.

The method may comprise, following initiation of a fault event, dropping the

gate voltage (or base current for a bipolar device) of the SSPIR to a threshold

level where the device resistance varies steeply with changes in voltage, and

monitoring the voltage dropped across the device at that time as the signal

indicative of the current waveform.

The method may comprise detecting when the rate of change of that voltage

exceeds a threshold negative value.



There will now be described, by way of example only, three embodiments of

the present invention with reference to and as illustrated in the accompanying

drawings of which:

Figure 1 is a general schematic representation of a prior art motor circuit for

use in an automotive electric power assisted steering system,

Figure 2 is a schematic corresponding to Figure 1 showing the potential path

of current flowing round the motor when one of the switches is faulty;

Figure 3 is a schematic corresponding to Figure 1 showing an alternative path

for current to flow even after the bridge has been closed caused by inductive

decay of current in the motor associated with the motor inductance;

Figure 4 is a schematic also corresponding to figure 1 showing a further

source of current flow due to back emf in the motor as it is rotated at speed;

Figure 5 is a schematic of an alternative circuit in which each phase of the

motor is protected by a serially connected switch between the motor phase and

the bridge;

Figure 6 is a schematic corresponding to Figure 5 showing a path for current

flow due to back emf in the motor even when the bridge is closed;

Figure 7 is a schematic of an embodiment of a motor drive circuit according

to a first aspect of the present invention connected to a motor.

Figure 8 is a schematic of the control circuit associated with a single SSPIR,

Figure 9 is a plot of the power dissipated across a single SSPIR against time

following opening of the bridge switches that initiates a fault event at time



t = 50mseconds when the motor is rotating at, in this example, a maximum

expected speed of 5000 rpm; and

Figure 10 is a plot of the voltages and current in the device over time for the

event plotted in Figure 9.

Figure 11 is a plot of the gate-source voltage, Vgs, drain-source voltage Vds,

and drain source current Ids, against time, for a test operation of a test rig in

which a fault event is triggered and the motor is idle;

Figure 12 is a similar set of plots to Figure 11 for a repeat test in which the

motor is spinning freely;

Figure 13 is a similar set of plots to Figure 11 for a repeat test in which the

motor is being forcibly turned at high speed by a driver;

Figure 14 is an enlarged view of the plots of Figure 13;

Figure 15 is an alternative enlarged view of the plots of Figure 13;

Figure 16 is graph showing SSPIR drain-source resistance varying with the

gate voltage (voltage gate-source) and showing the threshold at which the

resistance rapidly starts to rise as voltage drops below about 5 volts; and

Figure 17 is an exemplary control circuit and monitoring circuit for one

SSPIR of the motor drive circuit, as used in the tests of Figures 11 to 15.

As shown in Figure 7 a motor drive circuit 100 for use in an electric power

assisted steering system is shown. The motor 101 comprise a three phase

motor, having three phase U, V and W connected together at a common star

point 102. The ends of each phase, not connected at the star point, are



connected to respective branches of a motor bridge circuit 103 via a plurality

of solid state phase isolation relays (SSPIRs) 104, 105, 106, one in series with

each phase. The schematic shows for each SSPIR the internal diode and the

Miller capacitance (associated with MOSFET devices) as separate elements.

The motor bridge circuit is not shown in detail but will typically be in line

with that shown in Figure 1. Each arm or branch comprises an upper portion

which connects the motor to a positive side of a battery supply through a top

MOSFET switch, and a lower portion which connects the motor phases to a

negative side of the battery supply through a bottom MOSFET switch. The

top and bottom switches in each arm enable the phase to be connected to the

positive side by closing a top transistor and simultaneously opening the

bottom one. They also enable it to be connected to the earth by closing the

bottom transistor and simultaneously opening the top one. Similarly, they

allow the phase to be left floating by simultaneously opening both the top and

bottom transistors.

The opening and closing of the top and bottom MOSFETs of the bridge is

controlled by a switching pattern applied to the switches by a control circuit

(not shown) which is based upon a microprocessor and bridge driver. The

pattern indicates whether each of the switches should be opened and closed at

any time. Where MOSFET switches are used as illustrated the pattern may

simply comprise a positive voltage applied between Gate-Source terminals of

the transistor to close it, or zero voltage between Gate-Source terminals when

the switch is to be closed. The choice of switching pattern depends on the

position of the motor at any given time, the desired motor torque that is to be

achieved, and the desired motor speed. Provided that the motor position and

speed are measured and fed to the microprocessor, together with a torque

demand signal indicative of the torque required from the motor. These

measurements and signals are processed by the microprocessor to produce the

desired patterns. Additional signals may be used to determine the desired



inverter switching pattern. Such a control circuit is well known in the art, and

so will not be discussed here in any detail.

Associated with the bridge is a diagnostic circuit 120. This comprises a

monitoring means that determines an event in which a switch of the bridge is

faulty, and a bridge shutdown control means that, upon receiving a signal

from the first monitoring means indicating that a switch of the bridge is faulty

opens the remaining switches of the bridge.

Each SSPIR is a solid state switch 104, 105, 106 that as shown comprises a

MOSFET transistor. In use this is normally closed (drain-source conductive) .

The switches are held closed in normal operation by a voltage applied to the

gate from an SSPIR control means 108. The control means is an analogue

circuit in this example and is shown as a block in Figure 8 , and in more detail

in Figure 7 . An exemplary circuit is shown in Figure 17. The control circuit

is arranged in three identical parts- one associated with each SSPIR. For

convenience the operation of a single control circuit and SSPIR is given

below, the two others working the same way.

The control circuit functions to hold the SSPIR closed in the normal mode of

operation and open it safely when a fault event (shutdown) is triggered. The

control circuit responds to an output signal from a respective monitoring

circuit 113 that monitors a signal that is a function of the current flowing

through the SSPIR to identify a safe time to open. Thus, the SSPIR is only

opened by the control circuit 108 when it is safe to do so, defined as a time

when the current and voltage across the SSPIR will not reach a level which, if

enduring for long enough, will not cause the SSPIR to enter avalanche

breakdown.

The gate supply voltage in this example is derived from a 28V supply, but must not

exceed 20V at the gate {abs-max, 14- V i s typical), with the threshold of t device

being around 4-5V as stated previously. In the normally closed state, the control



means therefore applies a gate supply voltage, of, say 15 volts, to each

MOSFET and in this mode each SSPIR has no significant effect on the

operation of the motor, other than to provide a small fixed voltage drop

across the closed MOSFET.

The operation of the control circuit 108 and monitoring circuit 113 will now

be explained in more detail, with reference to the detailed circuit shown in

Figure 17.

As shown in the detailed schematic of Figure 7 and in Figure 17, the three

identical parts of the control means share a common switch 109 that in normal

operation with <Shutdown> disabled is closed. The switch 109 connects the Gate

Supply voltage 107 via a reverse blocking diode to a low drop-out regulator (LDO)

110 which sets the on-state gate voltage at around 15 volts irrespective of the supply

voltage which is nominally around 28 volts. The control means also includes a

reservoir capacitor 111 that holds up the gate voltage in the event of brief dips in the

Gate Supply.

The control circuit also includes a proportional gate control circuit 112 that is

inoperative in the normal mode, and a gate clamp circuit 114 which is also inoperative

in the normal mode. Although shown as separate blocks these are all an integral part

of the control circuit for each SSPIR.

The monitoring means 113 in the example of Figure 7 and Figure 17

comprises an edge detection circuit 113 associated with each SSPIR that

monitors indirectly the rate of change of current flowing through the SSPIR,

and produces an output signal when the current is dropping above a threshold

rate after reaching a peak. This indicates it is a safe time to open, and this

signal is fed to the control means 108. When this signal indicates that the

current has passed a peak, the control means responds by rapidly opening the

switch by activating the gate clamp 112 that pulls the gate voltage rapidly

down to a low voltage below that at which the SSPIR is opened (non

conducting) .



In normal operation the diagnostic means simply watches the bridge, but if a

MOSFET is identified is a faulty the shutdown control means forces all the

other MOSFETS to an open (non-conducting condition). This is a first stage

of protection of the motor, an initiation of a < shutdown > event. After that

event has been initiated the SSPIRs are opened to give additional protection

but only when it is determined that it is safe to do so. This two stage,

controlled opening of switches ensures that a high degree of protection is

given with a low risk of damage to the switches.

Following initiation of a <Shutdown> fault event, immediately after the bridge

switches have been opened, the control means opens the switch 109 and so isolates the

gate supply voltage for each SSPRI from the gate. This in turn causes the Proportional

Gate Control circuit that forms a part of the SSPIR control circuit to become active.

This control circuit at that time switches from providing the full on-state gate voltage

to a variable proportion of that held on the reservoir capacitor 111, that is around the

gate threshold level. For instance if the threshold is 4-5 volts, the voltage at the gate

drops to around 2/3 d of the capacitors 15 volts by the proportional control circuit,

which is greatly reduced but still above the threshold by a safe margin as the start of

the slow drop.

As time passes following the start of <Shutdown>, the voltage on the reservoir

capacitor 111 decays over time. The Proportional Gate Control circuit 112 continues

to supply an ever-smaller proportion of the voltage at the reservoir capacitor, such that

the gate voltage reaches the off-state (i.e. SSPIR open) within the duration set by the

applicable Safety Requirement (100ms typical).

As the gate voltage drops, it will pass through the threshold region, by which we mean

the region where the on-state resistance (Rds-on) of the SSPIR MOSFET rises. Any

fault current due to Motor regeneration will cause a steadily increasing voltage

waveform across the SSPIR (Vds). The monitoring means monitors this voltage once

it exceeds a detection threshold. This is the signal that indirectly indicates what the

current waveform is doing, since the voltage depends on resistance and current.



Fault current causing a positive-going rise in Vds will also cause a rise in gate voltage

(Vgs) due to the inherent Miller capacitance (drain-gate capacitance) of the SSPIR

MOSFET and the relatively high impedance of the Proportional Gate Control circuit.

This results in a momentary reduction in Rds-on, limiting the rise of Vds. This effect

may be enhanced by additional external drain-gate capacitance as shown. This

mechanism ensures that the switch is not opened at a time when an increasing fault

current is flowing, because the drop in gate voltage is halted due and hence the

gradual opening is halted.

Eventually, the current in the phase will drop. This is because the back emf is

proportional to rpm (which is typically dropping once a fault event has been triggered

because the bridge at that time will generally be disabled), plus the SSPIR resistance

rises as the gate voltage drops, increasing the on State resistance of the device which

is related to the current by the funciton I=V/R. This drop in current is monitored

indirectly by the monitoring means (the circuit marked edge detection in Figure 7)

which detects the negative-going Vds waveform. Once this is detected to be above a

threshold level (set by the Vds Edge Detection circuit), the monitoring circuit outputs

a signal to a gate clamp that forms part of the SSPIR control circuit that triggers the

clamp circuit 114 that is in this example a "thyristor-like" Gate Clamp circuit. The

Gate Clamp circuit rapidly discharges both the reservoir capacitor and, via a diode,

the voltage on the SSPIR MOSFET gate. This rapidly opens the SSPIR.

It is safe to assume that the drop in the Vds voltage corresponds to a drop in current

because, although the absolute device resistance is unknown it is known that it is

gradually rising over time and so in itself cannot lead to a high rate of fall of the

voltage, indeed it would contribute to an increasing voltage for a steady current. The

voltage is therefore suitable for use in indirectly monitoring the current waveform,

and using the SSPIR in this way eliminates the need for a separate current sense

resistor.

To meet applicable Safety Integrity Level (SIL) requirements, correct functioning of

the SSPIR control circuit must be verifiable at power-on and at other times, according

to the requirement.



Figures 9 and 10 show the operation of the motor drive circuit of Figure 7 in a typical

fault event. In this example, the bridge circuit is shut down at time t=50mseconds

which prompts an immediate operation of the control means for the SSPIR into a fault

event mode. The plots correspond to only one SSPIR and include the power

PWR SSPRI, the drain-source current Ids corresponding to the current in the phase,

the gate voltage Vgs, the Voltage on the reservoir capacitor Vreservoir, and the

voltage dropped across the device from draining to source Vds.

Prior to the fault event the gate of the SSPIR is held at approximately 14 volts as set

by the LDO charging the reservoir capacitor. This is considerably higher than the

threshold voltage which is about 4-5 volts for a typical MOSFET as shown in Figure

16 (the region of the obvious knee in the graph). On the start of the fault event, the

proportional gate control starts and the gate voltage is rapidly dropped to a proportion

of the voltage held on the reservoir capacitor voltage. In this case the voltage drops

about 5 volts below the capacitor voltage, i.e. to around 10 volts and then decreases

slowly towards the threshold of about 5 volts as the capacitor voltage gradually

decreases. This can be seen to then gradually decrease over time as the reservoir

current is drawn off up to about 80 milliseconds. Note that in this example the SSPIR

has a threshold of around 5 volts, so the voltage is clearly around that level yet well

above the level at which the SSPIR is opened which in this example is around 2 volts.

The phase current, Ids, varies periodically and is due to the back emf as the motor

rotates at 5000 rpm. After approx40 milliseconds, the gate voltage drops below the

threshold voltage to the extent that the device resistance rapidly rises. This rise in

resistance causes the power in the device to rise rapidly although this is kept in check

by the effect of the miller capacitance in the device causing the gate voltage to rise,

thus reducing the resistance..

As soon as the phase current in that cycle starts to drop, at around 85 milliseconds, the

threshold detector triggers the clamp. This then rapidly deletes the charge in the

reservoir capacitor which causes the gate voltage to drop below the 4 volt level at

which the SSPIR is open in this example.

The switch is therefore rapidly opened but only when it is safe to do so. The power in

device does not rise above 500 watts for any significant time. This limitation of the



power and the duration of the power pulse together are what prevents an avalanche

fault occurring.

The limit in th particular implementation is - 8 0 (e.g. a mean power of 8G0W

over s, say), or ~400mJ when operating at high temperature (designed to operate

within ti s lower limit).

To understand the operation more clearly, figures 11 to 15 are test plots obtained

during various motor operation conditions from start of a fault event to the SSPIR

opening obtained on a test rig simulating an electric power assisted steering system.

The rig included a motor with a maximum rated speed of rotation when forced around

by a driver of 5000 rpm, and a drive circuit with the control and monitoring circuit

configured in accordance with Figure 17. Each SSPIR MOSFET had a threshold of

around 4-5 volts, and an Open gate voltage of 2 volts or less. A gate supply voltage of

28volts was used, and the capacitor controlled the proportional controller to drop

rapidly to 10 volts (some 4 volts or so above the threshold) before being drained over

the next 100 milliseconds or so.

Figure 11 shows the results of a first test in which </Shutdown> is removed for 10ms

(10ms per division), with the motor idle.

• Yellow trace is Vgs (gate voltage), 5 per division. It rises and holds at 14V

for 10ms, falls rapidly to ~7V (i.e. 7 volts are immediately removed by the

"proportional gate drive cct"), then decays slowly (tracking the reservoir cap

decay less 7V), reaching 3V after a further 70ms.

· Magenta is Vds (drain-source voltage), 5V per division. In the test setup, it

drops from 10V to 0V immediately on release of </Shutdown> then rises

slowly over 20ms (i.e. slow switch-off), beginning ~50ms after </Shutdown>

is asserted with Vgs at -3.5V.

• Cyan is Ids (drain current), 20A per division derived from lOOmV p-d across a

5 Ω resistor for the purpose of taking the measurement on the test circuit. It

remains at zero throughout (motor stationary).

Figure 12 shows the motor spinning freely prior to </Shutdown> removal (and

effective Bridge fault insertion). The initial fault current due to the phase-phase open

circuit back-emf of 22V (j u s prior to fault insertion) is ~96A peak. This fault current



introduces opposing torque, braking the motor such that the current peak only reaches

~10A after 40ms. No trigger occurs, the SSPIR opens naturally at some point after

60ms, evidenced by Vds no-longer returning to zero.

Figure 13 shows the test repeated for the case where the motor is spinning with

significant driver input. Initial current peaks of 125A are sustained for 20ms, and only

appear to decay as Rds rises, evidenced by a rising Vds signal.

Figure 14 is the same test results as Figure 13, zoomed-in (lms/div) to show the

triggering and rapid gate turn-off around 28ms following </Shutdown>. There is a

narrow spike in Vds, due to the remaining 10A of fault current, which disappears

almost immediately due to the high negative dl/dt bringing the current rapidly to zero.

The effect of Miller capacitance can be seen here aiding the turn-off, causing a

negative undershoot of the gate voltage (-2V).

Finally, Figure 15 is also the same run as Figure 13. The effect of Miller capacitance

can clearly be seen in the Vgs ripple, rising slightly with each positive going current

pulse, causing associated Vds rise to be suppressed/delayed, whereas the fall in Ids

causes a simultaneous fall in Vgs and Vds. After Ids reaches zero, Vgs recovers from

its negative dip in around 5ms, returning to the steady exponential decay curve.

It will be understood that the above example is not intended to be limiting to the scope

of protection., For instance, whils the example uses MOSFETs as the SSPIRs a bipolar

transistor could be used. In that case, rather than varying the gate voltage the control

means would vary the base current. This could be easily achieved using the ciruit

shown by a small modification in which the reservoir capacitor supplies the base

current through a resistor. Any reference to gradually dropping the gate voltage may

therefore be replaced as an equivalent by reference to gradually dropping the gate

current.



CLAIMS

1. A motor drive circuit for use in driving a motor having two or more

phases, the motor drive circuit comprising:

a motor bridge having, for each phase of the motor, a bridge arm comprising

an upper switch and a lower switch that in normal operation may be opened

and closed to modulate the voltage applied to the respective phases in

response to drive signals from a motor control circuit,

at least one solid state phase isolation relay SSPIR that is provided in series in

an electrical path connecting a respective phase of the motor to a respective

bridge arm, the SSPIR being closed in normal operation so that current can

flow in the phase and is held open in a fault mode of operation to prevent the

flow of current in the phase,

characterised by comprising:

monitoring means for monitoring the current waveform in the phase to

provide, at least in a fault mode of operation, an output indicative of when it

is safe to open the SSPIR without causing damage due to the SSPIR due to an

avalanche mode, and

a control circuit that during normal operation applies a voltage to each device

that is sufficient to hold the SSPIR closed and which, in the fault mode of

operation, responds to the output of the monitoring means to reduce the

voltage applied to each SSPIR to a level that causes the SSPIR to open at the

safe time.

2. A motor drive circuit according to claim 1 in which each phase is

provided with a respective SSPIR, and the monitoring means monitors the

current waveform in each phase independently, so that the timing of opening

of each SSPIR is independent of the other SSPIRs.

3. A motor drive circuit according to claim 1 or claim 2 in which the

current monitoring circuit that monitors the current flowing in each phase

monitors the rate of change of current, either directly or indirectly.



4 . A motor drive circuit according to claim 3 in which the monitoring

means determines when the signal dependent on the rate of change of current

in a respective phase is negative.

5. A motor drive circuit according to claim 4 in which the monitoring

means has a threshold rate of change of the signal it is monitoring which must

be exceed before the output indicates it is safe to open the switches.

6. A motor drive circuit according to any preceding claim in in which the

monitoring circuit monitors the current waveform by monitoring a signal

indicative of the voltage dropped across the SSPIR.

7. A motor drive circuit according to claim 6 in which the monitoring

means includes a low pass filter through which the voltage signal is passed,

the monitoring means monitoring the filtered signal.

8. A motor drive circuit according to claim 7 in which the low pass filter

comprises an RC filter in which the resistance R is at least in part dependent

on the SSPIR resistance.

9. A motor drive circuit according to any preceding claim in which the

control circuit is configured so that after initiation of a fault mode the voltage

applied to the gate (or current applied to the base for a bipolar device) is

dropped gradually over time so that prior to reaching a voltage (or current) at

which the SSPIR is opened it gradually passes through the threshold region in

which the drain-source (collector-emitter) resistance varies highly for small

changes in gate voltage (base current) .

10. A motor drive circuit according to claim 9 in which the control circuit

is arranged to slowly drop the voltage (or base current) from a first voltage



(or base current) above the threshold voltage, to a second voltage (or base

current) that is below the value at which the SSPIR opens.

11. A motor drive circuit according to claim 9 or 10 in which the rate of

fall of the gate voltage (or base current) is chosen as a function of the rate of

rotation of the motor, so that it takes at least two cycles of the current

waveform to drop through the threshold region when the motor is at its

maximum rated speed.

12. A motor drive circuit according to claim 9, 10 or 11 in which the

control circuit is configured, following the initiation of a fault mode of

operation, to rapidly drop the gate voltage (or base current) applied to the

gate or base of each SSPIR to a level closer to the threshold of the SSPIR but

above the device opening value, and subsequently to more slowly reduce the

value over time to pass though the threshold.

13. A motor drive circuit according to any preceding claim in which the

control circuit for the SSPIR includes a reservoir capacitor that is connected

to the gate or base of the SSPIR that following the start of a fault event

provides a voltage (or current) of which a full or reduced proportion is

applied to the gate (or base) prior to opening the SSPIR at or just above the

threshold.

14. A motor drive circuit according to claim 13 in which the control circuit

is configured to provide a path through which current is drawn from the

reservoir capacitor to cause the gate voltage to drop gradually towards the

SSPIR opening voltage through the threshold.

15. A motor drive circuit according to any preceding claim in which the

SSPIR control circuit includes a clamp circuit associated with each SSPIR that



rapidly opens the SSPIR at the safe time by rapidly dropping the

voltage/current applied to the gate or base of the SSPIR.

16. A method of driving a motor of the kind having multiple phases, each

phase being connected to a bridge driver through a respective solid state phase

isolation relay (SSPIR) , the method comprising, in the event of a fault event

being initiated, performing the following steps in order:

determining a time when the current flowing in each phase is at a level where

it is safe to open the SSPIRs without causing damage due to the SSPIR

entering an avalanche mode, and in the event that a safe time is identified

opening the SSPIRs.

17. A method according to claim 16 which futher comprises monitoring the

current waveform flowing in each phase, or monitoring a signal that is a

function of the current waveform, to detect when the current has passed a

peak, and opening the SSPIR once the peak has been passed.

18. A method according claim 16 or 17 which further comprises monitoring

the current waveform indirectly by monitoring a signal dependent on the

voltage dropped across the SSPIR.

19. A method according to any one of claims 16 to 18 which comprises,

following initiation of a fault event, dropping the gate voltage (or base current

for a bipolar device) of the SSPIR to a threshold level where the device

resistance varies steeply with changes in voltage, and monitoring the voltage

dropped across the device at that time as the signal indicative of the current

waveform.
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