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CURRENT MEASURING APPARATUS FOR USE WITH ELECTRIC

MOTORS

This invention relates to a current measuring apparatus for use with an

electric motor, and to a drive apparatus for an electric motor which uses a

current measuring apparatus in determining the angular position of the

electric motor. It has particular application in an electric power steering

system.

Electric motors have found application in a wide range of situations. One

particular area in which they have found use in the last two decades is

electric power steering systems. In such a system, an electric motor is

used to provide an assistance torque for the driver. The motor is

connected to the steering system and applies a torque that is dependent on

the torque applied to the steering system by the driver. This is typically

measured using a torque sensor connected to the steering column.

In order to control the motor, it is often required to know the position of

the motor. This measurement can also be used in a steering system to

determine the position of the steering column and hence the angle of the

roadwheels and steering wheel. Provided that there is a fixed relationship

between the motor angle and the steering wheel then knowledge of the

position of one allows the position of the other to be calculated. This

measurement is usually performed using an angular position sensor.

It has been appreciated that it would be advantageous to be able to

measure motor position without the need for a dedicated position sensor.

This would allow sensorless control and potentially reduce both costs and

complexity of the system.



In applicants earlier patent application published as WO2004/023639.

There is disclosed a method of controlling a motor which provides for a

low level of acoustic noise by careful selection of the voltage waveforms

used to drive the motor phases. In that application, a technique for

sensorless control which exploits measurements of the instantaneous

motor phase current is proposed. Changes in reluctance with motor

position are determined by measurement of the rate of change of current

in a phase of the motor. This means that a dedicated position sensor is no

longer needed and can instead be replaced by a measuring circuit 600 as

shown in Figure 6 of the accompanying drawings. By measuring the di/dt

of the motor current ripple with sufficient resolution and accuracy such

that in conjunction with a known motor inductance variation with position

the motor position can be determined even at low motor speeds, perhaps

down to zero rpm.

A simple position measuring circuit is suggested in WO2004/023639

involving a differential amplifier 610 connected directly across a shunt

resistor 620 to measure the rate of change of current di/dt in a phase and

from this determine the phase inductance and then position. The amplifier

will amplify the voltage dropped across the resistor and must have a high

dynamic range to accommodate the large change in voltage at the start of

a test pulse as well as the small changes in voltage within a test pulse.

The need for the high precision amplifier high dynamic range amplifier

increases costs which the applicant now realises is undesirable.

According to a first aspect the invention provides a current measuring

circuit for an electric motor adapted to provide an output indicative of the

change in the current flowing in a phase of the electric motor over a

measurement period of time, the circuit including:

a current measurement element having a resistance;



a switch which in use selectively permits transmission of a voltage

dependent upon the instantaneous value of the voltage dropped across the

current measurement element to a part of the circuit; and

a switch controller which is adapted to operate the switch in response to

timing signals supplied by the switch controller so as to define the

measurement period of time.

The use of a switch which selectively permits transmission of a voltage

dependent upon the instantaneous voltage dropped across the current

measurement element (by being opened and closed or vice versa) to

provide a measurement period can be used to ensure that at least a part of

measuring circuit is not exposed to the voltage across the element at a

time when excessively high rates of change of current occur in the phase

such as the leading and trailing edges of a pulse of a pulse width

modulation scheme.

The switch may be operable between a first state in which it is open and a

second state in which it is closed.

The current measuring element may comprise one or more resistors

connected in series with a phase of the motor such that current flowing

through the motor phase flows through the resistor. The measuring circuit

may measure the voltage dropped across the resistor, or more preferably

the change in the voltage dropped across the resistor during the

measurement period of time. From this change the rate of change can be

calculated which is dependent on the motor phase inductance.

The measurement circuit may further include a capacitor which prior to

the measurement period of time is electrically connected (directly or

indirectly) to the resistive element (or another component which has a

voltage dropped across it that depends on the voltage dropped across the



resistive element) when the switch is in the first state such that the

voltage across the capacitor is dependent on the voltage across the

element, and which during the measurement period of time the capacitor

is electrically isolated from the resistive element so as to hold across its

terminals a voltage equal to the voltage across the current sensing element

at the time that the switch is moved to it second state.

Thus, in the second state the switch selectively isolates that part of the

circuit that includes the capacitor from the instantaneous voltage dropped

across the element during the measurement period of time.

In the first state the switch may be open and in the second state it may be

closed. For a perfect switch having zero conductance and infinite

impedance when closed this will mean that the capacitor is completely

isolated. Of course, a practical switch will have a non-zero conductance

and finite impedance when closed but the scope of claim should be

construed such that the presence of such a finite impedance is still

considered to represent isolation of the capacitor and element.

In this arrangement the switch selectively isolates the resistive element of

the circuit from the capacitor during measurement so that is then

prevented from discharge. This held voltage on the capacitor can then be

used by the measuring circuit to indicate the voltage at the start of the

measuring period and provides a reference against which the voltage

across the element during the measurement period can be compared to

give a measurement of the change of voltage and hence change of current.

The capacitor and switch may therefore form part of a sample and hold

circuit with the switch performing the function of the trigger for the

sample and hold circuit.



More specifically, the circuit may comprise a differential amplifier having

a first input connected to the current measuring element and a second

input connected to the side of the capacitor that is not connected to the

switch, (i.e. the output of a sample and hold circuit as described above).

The first input may comprise the positive input and the second the

negative input of the amplifier.

The amplifier will therefore give an output at any instant during the

measurement period of time indicative of the change in current in the

phase. At other times, both inputs may receive the same voltage and

hence the amplifier may produce a zero output voltage. By using a high

input impedance amplifier and a short measuring period there will be

little or no discernible drop in the charge on the capacitor, and hence its

held voltage.

In an alternative arrangement the measurement circuit may include a

capacitor which prior to the measurement period of time is electrically

connected (directly or indirectly) to the resistive element (or another

component which has a voltage dropped across it that depends on the

voltage dropped across the resistive element) both immediately prior to

the measuring period and during the measuring period and in which the

switch is adapted to connect the other side of the capacitor to ground

immediately prior to the measuring period of time and to isolate the other

side of the capacitor from ground during the measurement period of time.

Thus the switch selectively isolates that part of the circuit which contains

the input to the amplifier from the voltage dropped across the resistor

during the measurement period of time.

In this alternative arrangement the effect of the capacitor and switch is to



selectively clamp the output side of capacitor to the ground level prior to

the measurement period such that during the measurement period the

voltage at the output of the capacitor only reflects the changes in the

voltage across the measurement element that occur during the

measurement period. Any DC component to the voltage is therefore

effectively removed.

The switched side of the capacitor may be electrically connected to the

input of an amplifier so that the circuit functions as a keyed clamp or DC

restoration amplifier circuit with respect to the DC component of the

voltage dropped across the resistive element. The signal applied to the

switch acts as the "key" . Other arrangements of components forming a

keyed clamp can be used, the common aim being to remove the DC

component of the voltage across the element such that the amplifier then

amplifies only the AC part.

Both arrangements (sample and hold and DC restoration) offer the

advantage over a simple differential amplifier that they will not be

saturated by the high swings in current that occur during initial switch on

of a phase and are simpler to implement than the differential amplifier

which would need very high precision components to measure the small

expected ripples in current. The output of the amplifier also only reflects

the change in voltage during the measurement period rather than the

absolute voltage across the measurement element.

The switch may comprise a transistor such as a field effect transistor, the

control signal being applied to the base of the transistor to vary the

impedance between its collector and emitter. It may comprise a

mechanical switch such as a relay.



The output from the measuring circuit may further be amplified using an

analogue amplifier. It may then be fed to an A/D converter where the

magnitude of the signal is converted into digital form as a measured

current value.

The digital measured current/ di/dt value may be stored in a memory such

that a running temporal window of measurements is stored for subsequent

analysis. The apparatus may therefore include an area of volatile memory

in which samples can be stored prior to processing.

The current measuring circuit may be provided as an ASIC.

The apparatus may include a pulse generator circuit which generates a

pulse waveform that is applied to the motor phase, the switch controller

starting the measurement period after the leading edge of the pulse and

ending it before the trailing edge of the pulse (or vice versa) by operating

the switch. The pulse may be of a known nominally constant current value

, i.e. it may be a square wave pulse. The pulse may comprise a normal

pulse used within a motor PWM control scheme.

The switch controller may receive a signal from the test pulse generator,

which may form part of a motor controller circuit.

The current measurement circuit may take measurements as soon as the

measurement period starts. Otherwise, the switch may be moved from a

closed position to an open position (or from an open position to a closed

position) to define the start of a measurement period of time at a time of

less than lOuseconds before the measurement circuit starts to take

measurements, or less than 5useconds or less than lusecond. This short

delay allows a short measurement period to be used if desired. This is

only possible because the switch, together with correct timing of the



measurement period of time as will be described later, ensures the

measurement circuit does not need time to "recover" from exposure to the

edge of a pulse signal.

By providing an output we may mean that the output comprises an

intermediary signal which is subsequently processed to provide a measure

of motor position. The output may therefore not be readily accessible and

may simply function as an input to a further electronic circuit. For

instance, the circuit may be embodied as an ASIC and the output may

comprise a process signal which is used as an input to a further circuit

provided on the same ASIC.

According to a second aspect the invention provides a drive system for a

multi-phase brushless electric motor comprising a plurality of phases, the

system comprising a drive circuit including phase switching means for

varying the phase voltage applied across each of the phases, and control

means arranged to control the phase switching means so as to provide

PWM control of the phase voltages to control the mechanical output of

the motor, measure a rate of change of current in at least one of the

phases during a test period and to determine therefrom the inductance of

at least one of the phases thereby to determine the rotational position of

the motor, the control means determining the change of current using the

output of a current measuring circuit comprising:

a current measurement element having a resistance;

a switch which in use selectively permits transmission of a voltage

dependent upon the voltage dropped across the current measurement

element to a part of the circuit; and

a switch controller which is adapted to operate the switch in response to

timing signals supplied by the switch controller so as to define the

measurement period of time.



The system may include a memory which stores inductance values relative

to motor angular position.

The drive system may control the motor using a PWM scheme and as

such may produce a PWM voltage pattern. The test period may be chosen

to lie wholly within one pulse of the PWM pattern such that the voltage

applied to the motor phases is known to be substantially constant

throughout that period.

The means for varying may comprise a plurality of phase switches.

There will now be described, by way of example only one embodiment of

the present invention with reference to and as illustrated in the

accompanying drawings of which:

Figure 1 is an illustration of an embodiment of a motor position

measurement apparatus in accordance with one aspect of the present

invention;

Figure 2 is an illustration of the motor current measurement stage of the

embodiment of Figure 1;

Figure 3 is an illustration of an alternative motor current measurement

stage of the embodiment of Figure 1; and

Figures 4(a) to (d) are graphs showing typical stored inductance values,

current measurements and the manner in which they can be matched to the

stored inductance values to determine both motor position and speed by

the apparatus of Figure 1;

Figure 5 shows a typical voltage waveform in a phase of the motor driven

using a square wave PWM drive signal;



Figure 6 illustrates a prior art current measuring circuit used in

measuring the rate of change of current in a phase of a motor.

Figure 1 shows an overview of an embodiment of a motor drive system in

accordance with the second aspect of the invention. The system is shown

connected to a motor, which in this example is a permanent magnet

sinusoidal motor (also known as PMAC motor) having three phases. Such

motors are well known in the art, and the skilled man will understand that

they can be driven by applying square waveform voltages to each of the

phases of the motor to approximate a sinusoidal waveform, the duty cycle

of the square waveforms determining the motor speed. The PWM

waveforms are generated by a PWM control stage 60 and implemented by

a drive stage 70 comprising a plurality of phase switches.

A typical set of waveforms to be applied to the 3 phases is shown in

Figure 5 of the drawings and in which a two test periods can be seen of

equal length T . Note that at switch on of each phase the current rises

rapidly in a phase, with a high corresponding di/dt and then settles down

at a substantially constant DC level before it again falls rapidly. In reality

small changes in the DC level will occur due to changes in phase

inductance as the motor rotates.

Optionally, within the PWM pattern as shown in Figure 5 a test pulse may

be applied to the motor. The purpose of this test pulse is to provide a

period of time in which a known current flows in only one phase of the

motor (with no current applied to the others) . This can then be measured,

or more correctly the rate of change of that current can be measured, for

use in determining the motor position. This test pulse should be kept as

short as possible, say less than lOuseconds allowing many such short test

pulses to be applied within a single motor revolution.



The system further comprises a motor current measurement circuit 20 and

a comparison stage 30. The measurement circuit 20 determines the change

of current in a motor phase over time during a test period (i.e. the ac

component of the current), and the comparison stage 30 compares this

with known motor inductance information 40 stored in memory. Since the

change in current is caused by changes in inductance, knowledge of the

former is used by the comparison stage to determine the corresponding

changes in inductance and hence motor position 50. The more test pulses

in a revolution, the more position measurements can be made allowing

greater control.

A first embodiment of a motor current measurement circuit in accordance

with a first aspect of the invention is shown in Figure 3 of the

accompanying drawings. The role of the circuit is to measure the change

in instantaneous current during the time that current is applied to a phase

of the motor during the test pulse period. As shown in figure 5, for

example, several different periods in which the current flowing through

the shunt resistor is equal to the current in phase A, B and C respectively

are provided.

The measuring stage may comprise a shunt resistor 100 as shown through

which the current applied to one of the phases is passed. The voltage V

dropped across this resistor 100 then gives a measure of the current

assuming that the value of the resistance is known, according to Ohms

law.

The voltage V dropped across the resistor is fed to a keyed clamp circuit.

In this example it comprises a capacitor C 200 which is connected on one

side to the end of the resistor fed with the current from the phase winding

and on its other side to an input of an operational amplifier 300. A switch



in the form of a transistor 400, is then connected between that input of

the amplifier and a ground plane. A control signal is applied to the base

of the transistor from a switch controller (not shown) .

The operation of the circuit is as follows. The switch is normally closed

so that the transistor pulls the input of the amplifier to ground. This state

is held prior to the start of a measurement period of time. The input of

the amplifier is held to ground and so the amplifier will give a zero

voltage output. At the start of the measurement period of time the switch

is opened so that the transistor presents a high impedance path from the

amplifier input to the ground. The output of the amplifier 300 will then

comprise a voltage whose amplitude varies as a function of the change in

voltage across the resistor since the measurement period started. This

occurs because a voltage across the capacitor is clamped at the time that

the switch is opened.

An alternative embodiment of a motor current measurement circuit in

accordance with the present invention is shown in Figure 3 of the

accompanying drawings. This uses a sample and hold circuit to capture

the current value just after the current flows in the phase, and then sends

this to one input of an differential amplifier.

The circuit comprises a sample and hold amplifier which stores voltage

across the resistor on a capacitor whilst a control switch is held open (the

"sample" state of the amplifier). In this state the voltage presented at the

output of the amplifier will be equal to the voltage dropped across the

resistor. When the switch is closed (the "hold" state of the amplifier) the

voltage is held on the capacitor and is presented at the output of the

amplifier as the held value.



The output of the sample and hold amplifier is fed to the negative input of

a differential amplifier. The other input of the amplifier receives the

voltage across the resistor directly. The output of the amplifier prior to

the measurement period will therefore be zero, since the voltage at both

inputs will be the same and during the measurement period will be a

function of the change in voltage across the resistor 100 since one input is

held at a fixed level.

This alternative circuit is slightly less preferred as the operational

amplifier would require a positive and negative supply voltage which

makes it less suited to battery powered applications such as automotive

applications.

In both cases, the output of the measurement circuit is an analogue signal

whose voltage varies as the current in the phase varies, and which has the

DC offset removed from it. This is an analogue signal and is converted to

digital using an A/D converter. Because the measurements only start after

current has started to flow, the large initial rise in di/dt is not included in

the measurements. This could otherwise saturate the circuits which may

then need some time to recover. Leaving it until this event has passed

removes this problem.

The comparison stage performs the function of comparing the changes in

the rate of change of current over time with the known changes in

inductance of the motor as it rotates. To perform this comparison the

stage requires access to inductance values as a function of position. A

table of such values are therefore stored in a memory which can be

accessed by the comparison stage. A set of values for a complete motor

revolution is shown in Figure 4(a) .



A set of current rate of change measurements are shown in Figure 4(b)

for a time period which corresponds to 2 rotations of the motor. Of

course, if the motor were to be slowed down, this time period would

correspond to less rotations, and the opposite if it were sped up. At this

stage the motor speed is not known, nor is its position at any time.

A window is then applied to the current samples having a centre time T

and spanning from a time Tl to T2. This window will comprise a

predetermined number of samples. This window of samples is then

compared with the set of inductance values to find a best match. The aim

is to find the inductance value that best corresponds to the central sample

at time T.

This match can be seen conceptually in Figure 4(c) and (d) of the

accompanying drawings. In making the match, the comparison stage needs

to take into consideration that the speed of the motor as well as the

position are unknown. The current samples may therefore need to be

"speeded up" or "slowed down" to match the stored inductance samples.

This is shown in Figure 4(c) where in the example they are slowed down

by a factor α so that it matches a portion of the inductance sample shown

in 4(d).

The amount of stretch, i.e. the value of α can be determined by seeing

how many samples have been captured before the pattern repeats, and

interpolating to make the same number of samples fit this period as there

are stored inductance samples for one revolution.

The amount of stretch or compression gives a measure of the motor

speed. The position on the rotor that corresponds to the inductance value

that matches the sample at time T indicates the rotor position at that time.

In the example this is about 180 degrees.



Having matched the current samples to the inductance samples the speed

of the motor has therefore been determined as well as the motor position.

In a refinement, a number of sets of samples obtained from different

motor drive pulses can be combined to smooth out the measurements.

This can be used to reduce the effects of noise and increase the accuracy

of the measurements. Also, the process can be repeated for more than one

phase.



CLAIMS

1. A current measuring circuit for an electric motor adapted to

provide an output indicative of the change in the current flowing in a

phase of an electric motor over a measurement period of time, the circuit

including:

a current measurement element having a resistance;

a switch which in use selectively permits transmission of a voltage

dependent upon the instantaneous value of the voltage dropped across the

current measurement element to a part of the circuit; and

a switch controller which is adapted to operate the switch in response to

timing signals supplied by the switch controller so as to define the

measurement period of time.

2. A current measuring circuit according to claim 1 in which the

switch is operable between a first state in which it is open and a second

state in which it is closed.

3. A current measuring circuit according to claim 1 or claim 2 in

which the current measuring element comprises one or more resistors

connected in series with a phase of the motor such that current flowing

through the motor phase flows through the resistor, the measuring circuit

being arranged to measure the change in the voltage dropped across the

resistor during the measurement period of time.

4. A current measuring circuit according to claim 3 which further

includes a capacitor which prior to the measurement period of time is

electrically connected to the resistive element when the switch is in the

first state such that the voltage across the capacitor is dependent on the

voltage across the resistive element, and which during the measurement

period of time the capacitor is electrically isolated from the resistive



element so as to hold across its terminals a voltage equal to the voltage

across the current sensing element at the time that the switch is moved to

it second state.

5. A current measuring circuit according to claim 4 in which in the

first state the switch is open and in the second state it is closed.

6. A current measuring circuit according to claim 4 or claim 5 in

which the capacitor and switch form part of a sample and hold circuit

with the switch performing the function of the trigger for the sample and

hold circuit.

7. A current measuring circuit according to claim 6 in which the

sample and hold circuit comprises a differential amplifier having a first

input connected to the current measuring element and a second input

connected to the side of the capacitor that is not connected to the switch,

8. A current measuring circuit according to any one of claims 1 to 3

which includes a capacitor which prior to the measurement period of time

is electrically connected at one end to the resistive element both

immediately prior to the measuring period and during the measuring

period and in which the switch is adapted to connect the other end of the

capacitor to ground immediately prior to the measuring period of time and

to isolate the said other end of the capacitor from ground during the

measurement period of time.

9. A current measuring circuit according to claim 8 in which the said

other end of the capacitor is electrically connected to the input of an

amplifier to form a keyed clamp or DC restoration amplifier circuit with

respect to the DC component of the voltage dropped across the resistive

element.



10. A current measuring circuit according to any preceding claim in

which the switch comprises a field effect transistor, the control signal

being applied to the base of the transistor to vary the impedance between

its collector and emitter.

11. A current measuring circuit according to any preceding claim in

which the output from the measuring circuit is further amplified using an

analogue amplifier and then fed to an A/D converter where the magnitude

of the signal is converted into digital form as a measured current value.

12. A drive system for a multi-phase brushless electric motor

comprising a plurality of phases, the system comprising a drive circuit

including phase switching means for varying the phase voltage applied

across each of the phases, and control means arranged to control the

phase switching means so as to provide PWM control of the phase

voltages to control the mechanical output of the motor, measure a rate of

change of current in at least one of the phases during a test period and to

determine therefrom the inductance of at least one of the phases thereby

to determine the rotational position of the motor, the control means

determining the change of current using the output of a current measuring

circuit comprising:

a current measurement element having a resistance;

a switch which in use selectively permits transmission of a voltage

dependent upon the voltage dropped across the current measurement

element to a part of the circuit; and

a switch controller which is adapted to operate the switch in response to

timing signals supplied by the switch controller so as to define the

measurement period of time.



13. The system of claim 12 which includes a memory which stores

inductance values relative to motor angular position.

14. A current measuring circuit substantially as described herein with

reference to and as illustrated in the accompanying drawings.
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which is cited to establish the publication date of another 1Y* document of particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the

1O" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu
other means ments, such combination being obvious to a person skilled

'P' document published prior to the international filing date but in the art.

later than the priority date claimed '&' document member of the same patent family
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Claims Nos.: 14

Independent claim 14 does not meet the requirements of Article 6 PCT in

that it is not clear. The subject matter of claim 14 is defined by
references to the drawings only, whereas Article 6 PCT specifies that
the claims shall define the subject-matter for which protection is

sought; see also Rule 6.2(a) PCT. This should be done in terms of the
technical features of the invention; Rule 6.3(1) PCT. Since it is

unclear which features of the drawings are intended to be included into
claim 14, an examination of this claim is not possible.

The applicant's attention is drawn to the fact that claims relating to
inventions in respect of which no international search report has been

established need not be the subject of an international preliminary
examination (Rule 66.1(e) PCT). The applicant is advised that the EPO
policy when acting as an International Preliminary Examining Authority is

normally not to carry out a preliminary examination on matter which has
not been searched. This is the case irrespective of whether or not the
claims are amended following receipt of the search report or during any
Chapter II procedure. If the application proceeds into the regional phase
before the EPO, the applicant is reminded that a search may be carried
out during examination before the EPO (see EPO Guideline C-VI, 8.2),

should the problems which led to the Article 17(2)PCT declaration be
overcome.
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. X Claims Nos.: 14
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

see FURTHER INFORMATION sheet PCT/ISA/210

3. [ I Claims NOS.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Ill Observations where unity of invention Is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. I As all required additional search fees were timely paid by the applicant, this international search report covers allsearchable
claims.

2. As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional lees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search reportcovers
only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
'— Ipayment of a protest fee.

I IThe additional search fees were accompanied by the applicant's protest but the applicable protest
'— Ifee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.
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