20147037683 A1 | I 0000 10 1010 0 0 0 0 00

<

W

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

13 March 2014 (13.03.2014)

WIPOIPCT

(10) International Publication Number

WO 2014/037683 Al

(51

eay)

(22)

(25)
(26)
1

(72)
(73)

International Patent Classification:
HO2P 23/00 (2006.01) HO2P 5/00(2006.01)

International Application Number:
PCT/GB2012/052165

International Filing Date:
4 September 2012 (04.09.2012)

English
English

Filing Language:
Publication Language:

Applicants (for all designated States except US): KHAL-
IFA UNIVERSITY OF SCIENCE, TECHNOLOGY,
AND RESEARCH [AFE/AE]; P.O. Box 127788, Abu Dh-
abi (AE). BRITISH TELECOMMUNICATIONS PLC
[GB/GB]; 81 Newgate Street, London Greater London
ECIA 7AJ (GB). EMIRATES TELECOMMUNICA-
TIONS CORPORATION [AF/AE]; Etisalat Building, In-
tersection of Zayed the 1st Street and Sheikh Rashid Bin
Saced Al Maktoum Street, P.O. Box 3838, Abu Dhabi
(AE).

Inventors; and

Inventors/Applicants (for US only): AWEYA, James
[CA/AE]; Etisalat BT Innovation Centre, Khalifa Univer-
sity of Science, Technology, and Research, P.O. Box
127788, Abu Dhabi (AE). AL SINDI, Nayef [BH/AE]; Et-
isalat BT Innovation Centre, Khalifa University of Science,
Technology, and Research, P.O. Box 127788, Abu Dhabi
(AE).

(74

(8D

(84)

Agents: HODSDON, Stephen et al.; Mewburn FEllis LLP,
33 Gutter Lane, London Greater London EC2V 8AS (GB).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
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,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: METHOD AND SYSTEM FOR MOTOR SPEED CONTROL

42 41

/

N

Phase

Detector

Timestamps

Cavrying
Setpoint o
Bhaft Speed

40

46

Figure 4a

(57) Abstract: This invention relates to methods and devices for motor speed control. The invention has particular application in the
control of motors over packet networks. In embodiments of the invention, phase-locked loop principles are used to remotely control
the speed of an electric motor over a packet network. The setpoint for the motor is supplied by arriving timestamps from a speed-
mapped variable frequency source. The shaft speed of the motor is measured with a tachometer with its output proportional to the
motor speed. Any deviation of the actual speed from the setpoint is amplified by the power amplifier whose output drives the motor.
Speed control over packet networks allow smoother operation of a process, acceleration 1 control, different operating speeds for
each process recipe, compensation for changing process variables, slow operation for setup purposes, adjustments to the rate of pro-
duction, accurate positioning, and control torque or tension ot a system.
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METHOD AND SYSTEM FOR MOTOR SPEED CONTROL

Figld of the Invention

The present invention relates to a method and sysiem for motor speed control. s
particularly, but not exclusively, concemned with a method and system for molor speed

controi over packet networks such as Ethernet and internet Protocol (1P).

Background of the Invention

Industrial networks play a big role in industrial automation, manufacturing, process control,
and other indusinial related busingsses. Until recently, indusirial processes and equipment
would communicate with each other using one of several possibie specialized open or
proprietary protocols, such as Modbus, HART, Profibus, CANopen, DeviceNet,
FOUNDATION Fieldbus, PROFINETY 1C, ofc [1l[2]. These are all specialized nelworking

technologies tailored for industrial automation, manufacturing, process conirol.

Currently, it is not uncommion to see a manufacturing facility, for example, having multiple

paraile!l networks as depicted schematically in Figure 1: a control network 1 {for automation,
manufacturing, process control), a voice network 2 (for traditional voice communication), and
a data or information Technology (IT) network 3 for normal [T nelworking (that is, for
inferconneacting computers, serverg, printars, etc.). i is clear thal there are significant

disadvantages fo this arrangement:
= Eagch network requires its own network administration and management,

+ Each network requires its own set of maintenance and support stafis with the right

skills,
= Each network requires its own set of spares paris, inveniory, eic.

¢ Provisioning redundancy in the network resulls in a higher cost of networl design and

installation.

¢ The pveral foolprint of the networks can be very large — taking up significant physical
space. As space is normally at a premium {or at least costly) for most businesses this

can pe an additional cost or problem .
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However, many industrial networks are currently migrating from legacy industrial protocols o

packet based technologies like Ethernet and {P. Ethernet has emerged as a viable

aliernative to the traditional industrial protocols simply because it is much cheaper, readily

available, and proven {o be effective for networking.

As such, there is growing inferest in the industrial communily to use available “data-centric”

profocols such as Ethernet as the transport protocol for indusinal networks {as shown

schematically in Figure 2 where a single integrated packet network 4 connecis all functions

of the business). Consolidating all industrial busingss processes on a common packet

network offers the following benefits:

L

By using a computer network, various services such as control messaging, voice,
video, and data can be mulliplexed, switched, and transported fogether under a

universal format.

Consoclidation of separate control, voice and data (IT) networks offers significant

savings in both capital and operational expenditure.

Full integration resulis in simpler and more efficient network administration and

management.

Full integration will also reduce redundant hardware, communications facilities, and

support staifs.

The higher bandwidth of fiber oplics technologies, and the advent of high-speed
network elements {(e.g. routers and switches) are major drivers of the cusrent frend

towards network consolidation.

With a common network fransport format, new services {e.q., video conferencing,
collaborative computing, pervasive computing, etc.) can easily be introduced into the

system.

Ethernet is a major carrier for other networking protocols; Ethernet can pretty much cary any

other protocol whether open or proprietary. The benefils of adopting packet technologies like

Eihernet are as foliows:

Increased speeds from 10 Mbit/s up 10 Gbil's {(and even more with 40 and 100 Gbit/s
Ethernet now being developed) compared {0 8.6 Kbil/s with RS-232.

Ability to work over copper {e.g., Calegory 5e, Calegory 6, elc) cables, optical fiber
and wireless medium (e.g., IEEE 802.11 protocols).

Increased distance especially when using Ethernet over optical fiber.
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Ability to use standard nelworking equipment and software {e.g., access points,
routers, switches, hubs, sic.}, cables and optical fiber, which are much cheaper and
offer greater flexibility than the equivalent serial-port and industrial bus based
devices.

s Ability to deploy more than iwo nodes (multiple nodes) on a link, wiich was possible
with RS-485 but not with RS5-232.

+ Ability to deploy and configure peer-to-peer architectures rather than the master-slave
onaes common in raditional industrial networks.

« Betlter interoperability and conneclivily since all one needs is 1o equip the nodes on
the network with Ethemnet interfaces.

The current trend shows that the industry has embraced Ethernet as the protecol of choice
for industrial networking. However, there are certain difficulties in using Ethernet for industrial
processes, most of which require real-time processing. Ethernet was initially developed as a
data oriented protocol and was not designed with the inherent real-time and loss-less data
fransport capabilities found in many traditional industrial protocol.

These limilations of Ethernet often call for adding special functionalities in an Ethernet {or
other packel) network to address the special needs of automation, manufaciuring, process

control processes.

One such situation is the remote control of an electric motor over a packet network as
Hustrated schemalically in Figure 3. Remole motor control plays a major role in automation,

manufacturing, process control.

The area of control applications over IF (packet) networks has recently gained significant
interest in the research community [BH718]. Due to the complex nature of conirol over 1P
packel-based neiworks, several researchers have devised different approaches {o deal with
the stochastic nature of the packet delay variations. in order to deal with the packet delay
variations, many approaches attempt to replace practical conirollers that exist in industrial
applications such as the proportional-integral (Pl controller with other conirollers [S}[10]{11].
This replacement is in general expensive and requires extensive amount of time 1o replace

ali the existing conirollers.

In [12] a methodology 1o improve the widely used Pl controiler over IP networks was
propesed. Spscifically the optimal Pl controlier gaing are scheduled in real ime in
accordance o the monitored P network traffic allowing for 3 more dynamic approach io

conirol system implemeniation.
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Iri [13] a networked control system over Wireless LAN (WLAN) based on the separation
principle of Linear Quadratic Gaussian (LQG) control with random delays and packet loss in

the feedback loop improves the periormance.

A method 10 control the speed of the DO motor through 1P networks with packet loss has
been also introduced in {14]. The method is tested through speed control experimenis of a
commercial DC motor. The effectiveness of reducing the negative influgnces of packet loss is

demensirated by adopting a Pl controller with a Smith compensator.

Irt [15] an approach thal modifies and enhances conventional systems is achieved through
adopting a model-based networked predictive coniral scheme based on round-rip ime delay

measuremenis.

In [16] a technique to provide means o transfer tme-critical information between devices
over Ethernet-1P nefwork was proposed for large industrial control or automation solution.
The technigue is at the protocol/application layver and does not address the critical issue of

harnessing synchronization to control motors.

Another techntique that deals with maotor control over packet networks was proposed in [17]
where an applet-based system is implemented to enable control mechanism between a client
and a server. Although this approach addresses the application layer of control over packest,

it lacks relevance and practical implemeniation of control algorithms al the physical layer.

Accordingly, the present inverntion seeks to provide a new technique for remote control of a
motor (particularly a DC motor) over a network {such as a packet network). Some
applications of speed control over packet networks in process control and energy
conservation are 1o allow smoother operation of a process, acceleration control, allow
different operaling speed for each process recipe, compensate for changing process
variables, allow slow operation for setup purposes, adjust the rate of production, aliow

accurate positioning, and control {orgue or tension of a system.

Summary of the Invention

An exemplary aspect of the present invention provides a system for contreliing the speed of
a motor, the system including: the meotor; and a phase locked loop connecied 1o a network
and arranged to receive a liming signal from that network and to conirol the speed of the

motor according to that timing signal, whersin the phase locked loop is arranged o generale
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an error signal which is the difference between the timing signal received from the network
and a counter signal from a counter which is incremented according 1o the speed of the

motor, and o adjust the speed of the motor according 1o the eror signal.

A further exemplary aspect of the present invention provides a system for remotely
comniroiling the speed of the motor, the system including: a ceniral control unit, a motor
contred unif and a nelwork connecting the control units, wherein: the central conirol unit
includes: a variable frequency transmitier, arranged o send a timing signal over the network
which represents the desired speed of the motor; and the molor control unit includes: the
maotor; and a phase locked loop connected to a8 network and arranged 1o receive a timing
signal from that network and 1o control the speed of the motor according to that iming signal,
wherein the phase locked loop i3 arranged to generate an ervor signal which is the difference
between the iming signal received from the nelwork and an oufpuf signal of a counter which
is incremenied according to the spead of the motor, and to adjust the speed of the motor

according fo the error signal.

A further exemplary embodiment of the present invention provides a method of remotely
controlling the speed of a motor, the method including the steps of: sending, over a network,
a timing signal which represents the desired speed of the motor; detecting the speed of the
moior as a local oscillalor signal; receiving said timing signal; comparing the phase of said
timing signal and said oscillator signal {o generate an error signal; and adjusting the epeed of

the motor according to the arror signal.

Brief Description of the Drawings

Embodiments of the invention will now be described by way of exampie with reference {o the

accompanying drawings in which:

Figure 1 shows an overview of a typical current networking configuration in an industrial

company and has already been described;

Figure 2 shows an overview of the new networking configurations in an industiial company

and has already been described;

Figure 3 shows the general principle of motor speed control over a packet network and has

already been described;
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Figure 4A shows, in schemaltic form, the molor speed control sysiem according to an

embodiment of the present invention;

Figure 4B shows, in schematic form, the motor speed control system according to an

embodiment of the present invention in which the speed of a DC motor is controlled;

Figure § shows, in schematic form, an embodiment of the present invention in which the

speed of mulliple motors is controlied and synchronised;

Figure GA shows the overall view of a molor speed control system according 1o an

embodiment of the present invention;

Figure 6B shows the principles of motor speed alignment as applied by systems or methods

according fo embodiments of the present invention;

Figure 60 shows the initialisation process of a motor speed conirol sysiem according to an

embodiment of the present invention;

Figure 8D shows an embodiment of the present invention in which the speeds of multiple

motors arg conirolled using multicast messages;
Figure 7 shows the slep response of a DC motor;

Figure 8 shows the closed loop model of a molor speed contral system according o an

embodiment of the present invention; and

Figure 9 shows how the measures of stability referred to as the gain margin and phase

margin are derived.

Detailed Descrigtion

Accordingly, at its broadest, a first aspect of the present invention provides a system for
controiling the speed of a motor, preferably over 3 packet network, by receiving timing
signale and using phase-locked inop principles to adjust the speed of the motor according 1o

the received timing signals. The motor is preferably a BC motlor.

A first aspect of the present invention preferably provides a system for controlling the speed
of a motor, the system including: the motor; and a phase locked loop connected o a network

and arranged to receive a timing signal from that network and to control the speed of the
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motor according to that liming signal, wherein the phase locked loop is arranged {o generale
an error signal which is the difference belween the timing signal received from the network
and a counier signal from a counier which is incremenied according to the speed of the

motor, and {o adjust the speed of the molor according 1o the error signal.

The molor control system o¢f this aspect has particular application where the network is a

packest network, such as an Ethermnet network.

By using a phase locked loop to adjust and control the speed of the motor, the speed of the
molor can be accurately conirolled according 10 the received timing signals, even if those

signals are subject to data loss (e.¢g. packet [oss) or delay.

Preferably the phase locked loop includes: a speed encoder arranged o detect the speed of
the motor and convert it to a sequence of puises encoding the speed of the motor; a focal
counter which is incremented by pulses from the speed encoder and is arranged to output
the counter signal; a receiver connected o the network and arranged 1o receive a timing
signal from the network; a phase detector arranged to determine the error signal based on

the difference between said counter signal and said timing signal.

In this configuration, the phase locked loop resembles that of known PLLs with the voltage-

controiled oscillator being replaced by the motor and speed encoder combination.

Freferably the phase locked loop further includes a loop filter arranged to remove possible
noise and/or jitter in the ervor signal and therefore prevent erronecus adjustment of the

speed of the motor.

Preferably the phase locked Ioop further includes an amplifier which ampilifies the error signal

before passing it to the motor.

In preferred embodiments the timing signal is a sequence of timestamps. In particular, the
timestamps may be conveyed using a protocol such as the IEEE 1588 Precision Time
Protocol (PTP). For example, the timestarmps could be carried using the PTP Syne and

Follow_Up messages.

A preferred configuration of the speed encoder is an optical tachometer, in particular a fork-
shaped optocoupler in which the light beam is chopped by a sector disk, thereby producing a

known number of pulses for each rotation of the motor shaft.
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Embodiments of this first aspect may include some, all or none of the above described

optional or preferred fealures.

At its broadest, a second aspect of the present invention provides a system for remotely
controiling the speed of a motor, preferably over a packet network, by sending iming signals
from a central control unit o a motor control unit which uses phase-locked loop principles 1o

adjust the speed of the motor according to the received iming signals.

Accordingly a second aspect of the present invention preferably provides a system for
remotely conirolling the speed of the molor, the system including: a ceniral control unii, a
motor contrel unit and a network connecting the control units, wherein: the cenfral control unit
includes: a variable frequency transmitter, arranged o send a timing signal over the network
which represenis the desired speed of the motor; and the motor control unit includes: the
motor; and a phase locked loop connected 1o a network and arranged {o receive a fiming
signal from that network and 1o control the speed of the motor according 1o that iming signal,
wherein the phase locked lpop is arranged o generate an error signal which is the difference
between the liming signal received from the network and an output signal of a counter which
is incremented according 1o the speed of the motor, and to adjust the speed of the motor

according to the error signal.

The molor control system of this aspect has particuiar application where the network is a

packel network, such as an Ethernet network.

Preferabiy the phase locked loop includes: a speed encoder arranged to detect the speed of
the motor and convert it 1o a sequence of puises encoding the speed of the motor; a local
counter arranged to oulput a courter signal which is incremented by pulses from the speed
encoder; a receiver connected (o a network and arranged fo receive a timing signal from that
network; and a phase detector arranged 1o delermine the error signal based on the

difference between said counter signal and said timing signal.

Preferably the phase locked loop further includes a loop filter arranged o remove possible
noise and/or jitler in the ervor signal and therefore prevent erronecus adjustment of the

speed of the motor,

Preferably the phase locked loop further includes an amplifier which amplifies the error signal

before passing it to the motor.
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I preferred embodiments the timing signal is a seguence of imestamps. In particular, the
timestamps may be conveyed using a protocol such as the IEEE 1588 Precision Time
Protocol (PTP). For example, the timestamps could be carried using the PTP Sync and

Foliow_Up messages.

A prefarred configuration of the speed encoder is an optical tachometer, in particuiar a fork-
shaped opiocoupler in which the light beam is chopped by a sector disk, thereby producing a

known number of pulses for each rotation of the motor shaft.

I certain embodiments, there are a plurality of said motlor control units and the central
control unit sends iming signals to each of said plurality of motor control units s0 as to causs

the motors of the motor control units to operale in synchronisation with each other.

Manufacturing systems in applications like paper manufacturing, food/beverage packaging,
and semiconductor processing often require high-speed motion/motor synchronization {o
mainiain product quality at high throughput rates. in this respect, “synchronization” does not
necessarily mean that each motor rotates at the same speed, but that the relative speeds of
the motors are maintained in a predetermined relationship. The proposed PLL technique can
be used {0 provide real-time control with individual nodes synchronized o the same level of

acouracy.

Preferably in such an arrangement the fiming signals are muliicast from a common clock

source {8.g. in the central control unit) to each of said plurality of motor control uniis.

A preferred configuration of the central controf unit includes: an oscillater generating a
variable frequency pulsed signal; and a speed counter which counts the pulses from the
osciliator, whergin the timing signals are samples of the ouiput of the speed countar.
Accordingly, the output of the counter represents the tranamitier speed signal and is
incremented by a fixed amount at each pulse. Samples of the transmitter speed signal thus

generated may be communicated to the motor control unit as the timing signalsftimestamps.

Embodiments of this second aspect may include some, all or none of the above described

optional or preferred fealures.

At ils broadest, a third aspect of the present invention provides a method of conirolling the

speed of a motor, preferably over a packet network, by sending timing signals over a network
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and using phase-locked loop principles (o adjust the speed of the motor according to the

receivad timing signals. The motor is preferably a DC motor.

Accordingly a third aspect of the present invention preferably provides a method of remotely
controiling the speed of a motor, the method including the steps of: sending, over a network,
a timing signal which represents the desired gpeed of the motor; detecting the speed of the
motor as a local oscillator signal; receiving sald timing signal; comparing the phase of said
timing signal and said oscillater signal to generate an error signal; and adjusting the speed of

the motor according o the error signal.

in cerfain configurations, where there are a plurality of motors, the method includes the steps
of sending timing signals over said network 1o each of said plurality of motors so as o cause

the motors {o operate in synchronisation with sach other.

Manufacturing systems in applications like paper manufaciuring, food/beverage packaging,
and semiconducior processing often require high-spead motion/motor synchronization o
maintain product guality at high throughput rates. In this respect, "synchronization” does not
necessarily mean that each motor rotates al the same speed, but that the relative speeds of
the motors are maintained in a predetermined relationship. The proposed PLL technigue can
be used to provide real-time conirol with individual nodes synchronized to the same level of

accuracy.

Preferably in such an arrangement the timing signals are multicast from a common clock

source (e.g. in the central conirol unit) to each of said plurality of motor control uniis,

In embodiments of this aspect, on start-up, said motor is initially free-running, and the
method further comprises the steps of: receiving the first fiming signal from the network and
using it to initialise g local counter which counts pulses of the local oscillator signal, and
starting the steps of detecting, receiving, comparing and adjusting after receipt of said first

tirming signal.

Embodiments of this third aspect may include some, all or none of the above described

optional or preferred features.

The method of the third aspect is preferably, but nol necessarily, used o conirol a system
according to the above first or second aspect, including some, all or none of the optional or

preferred features of those aspecis.
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Some applications of speed control over packet networks in process conirol and energy
conservation are 1o allow smoother operation of a process, acceleration confrol, allow
different operaling speeds for each process recipe, compensate for changing process
variables, allow slow operation for setup purposes, adjust the rate of production, allow
accurate positioning, and control torgue or tension of 3 system.

PLLs have been applied to many applications from communications sysiems, consumer
glectronics, military hardware, computer clocks, 1o wireless systems. The use of PlLs
techniques for motor speead conirol is not new. Howaevar, the use of PLL technigues for

ramote motor spead control over packet networks is new

The lechnigues employed in the embodiments of the invention described below are inspired
by phase-locked loop (FLL) principles. Below the deiail architecture of speed control systems
according 1o embodiments of the invention are described, and design details for computing

the parameters of the various elements of the motor speed control system are set out.

in a speed control system of an embodiment of the present invention, as shown
schematically in Figure 4, imestamps 42 from a variable speed reference convey speed
setpoints to 8 motor 44 which forms part of a closed-loop system 40. In the system shown in
Figure 4, the assembly of the molor 44 and the speed encoder 46 is analogous to a PLL. The
timestamps can be conveyed using a protocol such as the IEEE 1588 Precision Time
Protocol (PTP) [34]i53]. The timestamps could be carried via the PTP Sync and Foliow_Up
messages. The closed-loop system 40 of this smbodiment includes an encoder counter 47,
a phase detector 41 arranged o measure the phase difference between the oulput of the
encoder counter 47 and the arriving timestamps 42, a loop filter 43 and a power amplifier 48.
The embodiment shown in Figure 4a will be described in more detall in relation to Figure 6a

baiow.

Figure 4b shows an alternative implementation according to an embodiment of the present
invention in which the phase deteclor and loop filter of the embodiment shown in Figure 4a
are implemented in a processor 47 and g digital-to-analog converter (DAC) 48 is used 1o
convert the digital output signal of the loop filter 1o an analog format so that it can be
amplified by the power amplifier 48. The lower part of Figure 4b shows the component paris
of the DAC 48, which are a pulse-width modulator (PWM) 48a and a low pass filter 48b.

Manufacturing systems in applications like paper manufacturing, food/beverage packaging,

and semiconducior processing often require high-spead motion/motor synchronization to
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maintain product quality at high throughput rates. The sysiems and methods according o
the present invention can be used to provide real-lime control with individual nodes

synchronized o the same level of accuracy.

This multiple motor control scenario is llustrated in Figure 5 and reguires the multicasting of
timestamps (rom a common clock sourca 52 over the packet network 56 1o all the motors

54 under control.

An embodiment of a sysiem and method which shows how precise motor speed control can

be achieved using PLL principles will now be described with reference 1o Figure 6.

The setpoint for the motor is supplied by arriving timestamps 62 from a speed-mapped
variable frequency source 80. The shaft speed of the motor 64 is measured with a
tachometer 66 with its output proporiional to the molor speed. Any deviation of the aclual
speed from the seipoint is amplified by the power amplifier (amp) whose cutput drives the

motor. The gain of the power amp is usually high but finite.

Let us assume the sysiem to be controlled includes a motor-tachometer combination where
the tachometer measures the speed of the motor. The tachometer signal could be generated
by a fork-shaped optocoupler in which a light beam is chopped by a sector disk. Let us
aasume the sector disk of the tachometer has £, teeth. if the molor has speed o {rad/s),
then the speed of the lachomeler signal w (7} is equal 1o the speed w multiplied by &£,
thatie, o, (1) = o)X, . This motor speed o tachomeler speed mapping can be used o
calibrate a variable frequency source (the speed reference generator) which can be used to
generate a speed selpoint or reference for the control of the motor at a remote lgcation over

the packet network.

In Figures 8a-6d, a speed-mapped variable frequency iransmitier 60 pericdically sends
timestamps 62 over a packet network 85 o the motor spesd control system to gnable it
synchronize its speed (registered by the local encoder plus counter) {o the fransmitler's
frequency. The fransmitter 60 consisis essentially of an oscillator 60a capable of generaling
a variable frequency signal and a speed counter 60b. The oscillator 60a issues periodic
pulses that constitute the input 1o the speed (limestamp; counter 60b. The output of the
counter represents the transmitier speed signal and is incremented by a fixed amount at
each pulse. Samples of ransmitter speed signals are communicated to the receiver as

timestamps 62.
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The molor speed control sysiem uses the timesiamps 62 (which constilule the reference
signal and carry the setpoint or shaft speed) and its local encoder counter 67 oulput to
generate a control signai that allows it 1o lock onto the speed-mapped transmitter spead
signal. The motor speed control system has four main componenis: a phase detector 61, a
loop filter 63, a motor 64 and speed encoder 66 (fachomster) sel, and a local encoder
counter 87. As shown in Figure 6b, the phase delector 81 compuies an error signal as the
difference between the reference signal from the timestamps 62 and the cutput signal of the
focal encoder counter 87. The error signal is passad on o the loop filter 63 which is
rasponsible for sliminating possible jitter and noise in the input signal. The fillered error is
then amplified in power amp 68 and passed as input 1o the motor 64, The electric molor 64 is
steered to operate at a speed which is determined by the ampiified output signal of the loop
filter 63. This speed conirol technigue also allows multiple motors, for example in a broadecast
or point-to-multipoint communication scenario, 1o synchronize their speeds 1o the transmitier

as shown in Figure 8d.

Let T'(n) denole the lime base (e.g., in pulse ticks) of the transmilter speed counter and
R(m) the lime base of the encoder counter of the molor speed control sysiem. These wo
functions correspond to the timesiamps of the two counier signals at discrete time instants n,
#=I(L1,2,.... The moior speed control system initially runs al an unsynchronized speed,
waiting for the first timestamp 1o arrive. When the first imestamp arrives it is loaded into the
encoder counter {7(0) = R(0)) as shown in Figure 6¢. From this point onwards, the control
system starts ¢ operate in a closed-ioop fashion. Each time the Kth{K =1, where Kis a
downsampling paramaeter) imestamp arrives (L.e., al sampling instant n =1,23,...}, the
difference e{n) betweaen this value T'(n} and the value of the local encoder counter Bian) ig
determined by the phase detector 61, This error ferm e(n) is sent to the loop filler 83 and
then to a power amp 68 whose oulput controls the speed of the metor 64, The encoded
speed of the motor 64 in turn drives the encoder counter 67. After a while the error term is
expected to converge 1o zero which means the speed of the motor 64 has been locked o the

incoming time base, i.e., time base of the speed-mapped variable frequency transmitier 80,

The entire motor control system is accordingly 8 PLL in which the normal voltage controlled
cscillalor (VGCO) is replaced by a combination of a motor and speed encoder (such as an

oplical tachometer).
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For example, the tachometer signal could be generaled by a fork-shaped optocoupler in
which the light beam is chopped by a secior disk. The opiocoupler i3 usually fabricated from

a light-emitting diode (LED) and a silicon phototransistor.

iy an allernative configuration, the tachometer signal could be generated by a gear with X,
teeth coupled {0 the motor shaft and a gear tooth sensor that can detect the motion of the
gear with s discontinuous surface. The gear tooth sensor generates a digital puise signal for

each contact with a tooth on the gear.

In a further aliernaiive, the tachometer can be provided 33 a rotating ring magnet with K,
North/South magnstic fisids where a sensor generates a digital pulse signal for each contact
with a North {or South) field.

The above are just example implementations of the speed enceder, and slternative

implementations also fali within the scope of the present invention.

The signal generated by the optocoupler is a frequency proportional to the speed of the
motor. Because the phase detector compares nof only the frequencies o, and @, of the
reference and the tachometer signals but also their phases, the system settles at zern

velpcity error,
Mathematical Model of the Motor Spesd Control System

To delermine the parameters of the loop filler and also analyze the stability of the system,
the transfer functions of alt the components in Figure 4 or Figure 8 must be known. The
transfer funciions of the phase detector and loop filter are usually known, The transfer

function of the molor-tachometer combination can be determined as foliows.

if the DC motor is excited by a voltage step of amplitude « ., its angular speed w(7) will be

aiven by

; N
wolty =K u, {1 —exp| — @
/

AN

M-

; (1)

where & is the proportional gain and 7 is the mechanical time constant of the motor. The

above equation indicates that o will setlle at a value proportionat o « . after some time.

Applying the Laplace transform o the eguation above vieids
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. K
Qis)y =T, (5} 2
T d+sT

(2)
The phase angle ¢ of the motor is the time integral of the angular speed @ . Therefore, we

can express the Laplace fransform &(s) of the phase angle of the motor g(r) as

D) =U, (5}—"
sl sT ) (3)
it it is assumed that the secior disk of the lachometer has X, teeth, this implies that the
phase of the tachometer signal is equal to phase ¢ mulliplied by K, | thatis,
& (1) =K, . Consequently, we obtain for 8_ (1) (i.e., Laplace transform of the
tachometer signal @ (1) ) the following expression
), (8) = U, () =tk
‘ CstsT ) (4)
The transier function of the DC motor is therefore given by
) & (5 K K,
G0 = i ol
sy s(l+sT) .

We see from the above equation thal the DC motor is evidently a second-order system {nole
thatl the typical VOO used in a PLL is a first-order system only). The transient response of the
motor is diustrated in Figure 7. The motor speed control system of Figure 8 is thergiore a

third-order system.

Figure 8 shows the closed-loop mode! of the motor speed control system. The power
amplifier is suppoesed to be a zero-order gain block with proportional gain X . The poles of
this amplifier normally can be neglected because they are at much higher frequencies than

the poles of the motor.

We see from Figure 8 thai the closed-loop system has three poles. Therelore, a filter with a
zere must be specified for the loop filter, ctherwise the phase of the closed-loop transfer
function would excead 1807 at higher frequencies and the system would be unstable. For our
control system, we choose the active proportional-integral (Pl filter {also called g second-
order lag-iead filer).

5T 5 (8)
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where 7, and 7, are time constants of the filter, X, =7, /7, and K, =1/7,. The filler has a
pote at s =0 and therefore behaves like an integrator. 1 has (al least theoretically) infinite

gain at zero frequency.

The cpen-loop transfer funchion of the motor speed control systemn is given as follows

GOL<S> = KciKaGLF(_S)Gm(S\)
- Kﬁ.’,KaKn Y;.j (1 + & T2>

i

s'r,(1+ 5T}

s'r, 1+ 7)) @

Desianing the Loop Filler

In a practical design of the motor speed control system, some parameters are fixed, such as

the motor parameters K and 7, the power amp gain K plus the teeth K, of the disk

sector. The remaining parameters (v, and r,} then have to be chosen for the best dynamic
performance and maximum stability of the system. We assume that the phase detecior gain
issettoone (K, =1} andils effects are combined into the computation of the parameters of

the loop filter. In this section we describe a method for determining thess parameters.

The basic goal of a conirol system is 1o mest performance specifications. Performance
specifications are constrainis put on the system response characteristics. They may be
siated in any number of ways. Generally, they take two forms: 1} Freguency-domain
specifications (i.e., pertinent quantities expressed as funclions of frequency), and 2} Time-
domain specifications {in terms of time response). The desired system characieristics may
be prescribed in either or bhoth of the above forms. In general, they specify thres important
properties of dynamic systems: 1) Spesd of response, 2) Helalive stability, and 2) Sysiem

accuracy or allowable error.

Stability Margins

Knowing whether a asystem is absolutely stable or not is insufficient information for most
conirol applications. If the system is stable, we usually want 1o know how closs it is 10 being
unstable. We therefore need to determine its relative stability. The discussion here will help
us undersiand the third-order loop design considerad here,

Let us denote K,,G,, (s) as the open-loop transfer funclion of the PLL. We can define the

following two important measures that are used o indicate the stability margin in a system
[18}{19] (Figure 9). Gain and phase marging are measures of stability for a feedback system,
though often times only phase margin is used rather than both:
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¢ Gain Margin {(GM): GM is a measure of relative stability and is defined as the
magnitude of the reciprocal of the open-lecop transfer function, evaluated at the
frequency o, at which the phase angle is —180° (Figure 8). That is,
i
PR G (5000 | (8)

¥

GM =

where arg K,G,, (Jg,) = —180° = -7 radians and @, is called the phase
crossover frequency. The GM of the system is the factor by which the gain X, can
be raised before instability resulls. 1GM <1 {or | GM [« 0 dB) indicates an unstable

systermn. When [GM =1 (or iGM =0 dB) the system is neutrally slable.

e Phase Margin (PM): PM, ¢,,,, a measure of relative stability and is defined as 180°
plus the phase angle ¢ of the open-loop fransfer function at unity gain {(i.e, 0 dB
gain) . That is,

By = [180 +arg K, G, (J 0,4 \;} degrees, (9)

where | K, G, (jo, 1 I=1 and o, i8 calied the gain crossover frequency. In other
words the PM is the amount by which the phase of G, (jm) exceeds —180° whan
PK,, G, (Jo)y =1, A positive PM s required for stability.

Note that a targel phase margin of 807 is highly desirable in feedback amplifier design as a

tradeolf between loop stability and settling time in the fransient response. Typically, the

minimum acceptable phase margin is 45°.

Analyzing the Third-order Conirof Loop

The closed-loop transfer function of our third-order loop is given as

K K G, ()G, (s)
KK G (006G, (5)
K .(r,s+h

gain

(ICL (S) =

vz'ij;nsv} + T‘LS.{ + anmfzs + Kzain

sain
(r,s+1)
— vz"l #
s 1, Kan o K,
57 gt g A
T.:n Tizﬁm TIT

i (1 Q)
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Applying the final value theorem, we can determine the steady-stale response of the loop o
different input signals 1/s7, phase step (n=1), frequency step {(n = 2), frequency ramp

{n =23}, elc. The error transfer function for the third-order loop is given ag

3 o
s+ T 8
G5} = 1= Gy (5) = — K&r -
§ 5"+ 5+
Zn flzln le:n (1 1 )
5 So by applying the final value theorem, when the loop is driven by 1/ 3", the error response
approaches a final vaiue of [20]
o . Lo 1 LT s
hmé (1) = izxrgs{rf(_ s)— =lm 8
) v ~ gain . (1 2)

This indicates that the phase error resulting from a phase step (v =1) or a frequency step
{n=2)will setile to zero, and the phase error will not reach steady statefor n >3 A

10 frequency ramp {n =3) ) will produce a steady-stale phase error of h%l e (y=1 /K . the
same phase error that occurs in the second-order loop. This is nol ét;rprising since one way
o realize the third-order loop is to add a low-pass {ilter to the lag-lead filter (of the second-
order loop above). The oulpul of & low-pass filter driven by a ramp is another ramp with the

same siops, offset from the inpul by a constant.

18 Following the analysis by Rohde in [21] (see also the seclion below entitled Derivation of the
Third-order Control Loop Time Constanis for a detailed discussion and corrections to
Rehde’s derivations) we see that, given pre-specified design parameters, phase margin ¢,
motor parameters (K, T, K, K}, the following steps can be used to design the
carameters 7, , and r, of the third-order loop. To get acceptable siability of the loop, we

20 require a phase margin of at least 30°; typical design choice is somewhere from453° 1o 60°.
Designing the third-order foop: The design steps are as follows

s Step 1: Design pre-specification: Specify the phase margin ¢ for the loop, e.g.,
¢ = 45°

s  Step 2. Given T, compute the natural frequency @, of the loop from Eq. (A.26) as

25 follows:



WO 2014/037683 PCT/GB2012/052165
19

—tang+1/cosg
{{)N =
z, n (13)

s Step 3: Then compute the time constant ¢, using Eq. (A.22):

!

T’/: = Drye
ﬁ)n‘{m . (14}

¢« Step 4: Next, compuie the last time constant 7, from Eg. (A7)

Kg.:;frz f 1+ Ci)jf?:

w, V1+alt)

T, =

where K =K K K K, 6 {notethat K, =1).

¢ Step 5. Verify the performance of the loop using the computed parameters, and if not

salisfactory repeat process from Step 1 10 4.

Now knowing the two parameters of the loop filter &, (), we can find a set of difference
10 equations {or (4, (z)) for the digital implementation of the filter. This can be done using the
Tustir's (or bilinear) approximation for the digitization of &, (5){18]. For every occurrence of

g in the loop filter we substitute

15 (1N
which gives the following difference squation for implementing the loop filter
emy=eln—-1+ »———————»l(n L e{r) -+ i e(r—1)
5.’['} ZT: . (1 8)

With this equation, the phase detector and the loop filter can be implemented in the digital

domain with sampling interval Ar.

20 Derivation of the Third-order Control Loop Time Constants
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In this section, we describe the procedure used by Rohde [21] 1o delermine the parameters

7, and v, of the third-order loop parameters given the design specification of ¢, the phase

margin. We need the open-ioop ransfer function of the control system to piot the Bode plot.

The open loop transfer funclion is given as

. - e . N
Kgain 1 (1 + r’ {Bfg } A gain f‘ 1 il "UJFQ \E 1

Ko G ljw) =—— P -
jo {d+jol Y jor

The phase of the loop is determined from

(+ jor - jel,y 1+e'n T+ jolr, T )

@\ 1+ jof,

K. G, (jay = e = mod
e Vw7 L+ w7
m m

from which we get

] ImiK,, G, { io)]
6 = LK, Gy (jw) = arctan _i [ 2k Y'OL J @ }:E
h Rel[X G, (jow)l

wr, wd

Z il

tand = S e
IR RSN S S P

The magnilude is also given as

ey s i o RV IEPNEE T L = s
‘Ko,',.(fo,{ (.Jm)} =/ 1Re[ K, Gy, U ff))}} + {Em{Km{’(mg(]w)}}Z

S
z 2

G Cia) = Ko [1+&T;
orS o L WH = IC | P
o', Y+ a7

H]

and with
KOL(}OL(‘,"{!)} =

at the crossover point, we get

Ko |1+ 0'c
7, =& 2
oot Y1+eT)

The phase margin of the system is

¢ = arctan wy, —arctanw?, +

H

assuming that

2 .
w v <<l

(A1)

(A 2)



WO 2014/037683 PCT/GB2012/052165
21

Now we determine the natural loop frequency «, from the point of zero siope of the phase

response,
dglon _
dew (A, 10)
6 n T,
do 1+{wr,y 1+{af )" (A 11)
5 from which we obtain
@, = |~
zm (A 12)
Let us set the following parameters
o = arctan o, (A. 13)
f = arctan ¥ (A, 14)
" p=o—-pg+rx (A. 15)
We see that
, g . tan{a - )+ 0
tang = tanf{a —~ B +xl= fanta )0 = tan{a — )

-0 (A 18)

tang —tan o, ~of

tan{a ~ §) = : == " n - pang
I+tanatanf  1+a 0,7 (A 17)
Setting
Iy
o=, = | =
15 d‘gs,/m ’ (A 18)
we get
Mo, F e, Ty 17
tang,j(): V’ ‘Elyv 1). 73 ‘:_ ‘:r,
N 2477, A 19)
and
1
Jr =
“ (A 20)
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1

@1, (A, 22)

T, =

Now using +, we can determine the remaining time constant 7 from
2 i

— (1 !,' 60?%2’:?3) = T" — ‘;1 / {()}‘E?;”) - (})}z"{;n

tan g = - 2
2l 2 (A. 23)
201 tang —=1—w T (A. 24)
- s 2 o 22
5 201 tang, ~l+af =0 (A. 25)
The time constant 7 is then delermined from
;oo Je tang, + \/ 4’ an’ ¢, + 4w’
» 2&);
~ 2 tang, + 2, \/tanz ¢ +1
207
_ —tang, + \i/(_cosz ¢ +sin’ @)/ cos’ g,
@,
_ —tang, +1/cosg
e (A. 26)
implementation
The systems and methods of the above embodiments may be implemented at least partly in
10 a computer system (in particular in computer hardware or in computer sofilware) in addition 1o
the structural components and user interactions described.
The term "computer system” includes the hardware, software and data sltorage devices for
embodying a system or carrying out a method according o the above described
embodiments. For example, a computer system may comprise a central processing unit
18 (CPUY, input means, oulput means and data storage. The data storage may comprise RAM,

disk drives or other computer readable media. The compuler sysiem may include a piuralily
of computing devices connecied by a network and able {0 communicate with each other over
that network.

The methods of the above embodiments may be provided as one or more computer

20 programs or as computer program products or computer readable media carrying a computer
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program which is arranged, when run on a computer, to perform the method(s) described

above.

The term “computer readable media” includes, without limitation, any medium or media which
can be read and accessed directly by a computer or computer system. The media can
include, but are not limited 10, magnetic storage media such as floppy discs, hard disc
storage media and magnetic tape; oplical storage media such as optical discs or CD-ROMs;
electrical storage media such as memoeory, including RAM, ROM and flash memory; and

hybrids and combinations of the above such as magnetic/optical storage media.

While the invention has been described in conjunciion with the exemplary embodiments
described above, many equivalent modifications and varations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the exemplary embodiments of the
invention set forth above are considered 10 be illustraiive and not limiting. Various changes
o the described embodiments may be made without departing from the spirit and scope of

the invention.

I particuiar, although the methods of the above embodiments have been described as being
implemented on the systems of the embodiments described, the methods and systems of the
prasent invention need not be implemented in conjunclion with each other, but can be

implemented on allemative systems or using allernative methods respectively.
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CLAIMS

1. A system for controlling the speed of a motor, the system including:

the motor; and

a phase locked loop connected 10 a network and arranged 1o receive a timing signal
from that network and {o control the speed of the motor according to that timing signal,

whaeregin the phase locked loop is arranged o generale an error signal which is the
difference between the timing signal received from the network and a counter signal from a
counter which is incremented according o the speed of the motor, and to adjust the speesd of

the motor according to the error signal.

2. A system according to claim 1, wherein the phase locked loop includes:

a speed encoder arranged to detect the speed of the moter and convertitio a
sequence of pulses encoding the speed of the moior;

a local counter which is incremented by pulses from the speed encoder and is
arranged o output the counter signal;

a receiver connected to the network and arranged 1o receive a timing signal from the
network; and

a phase detector arranged to determine the error signal based on the difference

between said counter signal and said timing signal.

3. A system according {0 claim 2, wherein the phase locked loop further includes a loop

filter arranged to remove possible noise in the error signal.

4. A system according to claim 2 or claim 3, wherein the phase locked loop further

includes an amplifier which amplifies the error signal before passing it to the motor.

5. A system according to any one of claims 2 1o 4, wherein the timing signalis a

sequence of timestamps.

6. A system according to any one of ¢laims 2 1o 5, wherein the speed encoder is an

oplical tachometer.

7. A system according to any one of the preceding claims, whergin the network is a

packeti network.

8. A system for remotely controlling the speed of the motor, the sysiem including:

a central control unit, a motor control unit and a network connecting the conirol units,
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wherein:
the central control unit includes:
a variable frequancy transmitler, arranged 1o send a timing signal over the
network which represents the desired speed of the motor; and
5 the motor contre! unit includes:
the motor; and
a phase locked loop connecled to a network and arranged 1o receive a timing
signal from that network and 1o controf the speed of the motor according to thal iming signal,
wherein the phase locked loop is arranged 10 generale an error signal which is the
10 difference between the timing signal received from the network and an ouiput signalof a
counter which is incremented according 1o the speed of the motor, and o adjust the speed of

the motor according to the error signal

9. A system according to claim 8, wherein the phase locked loop includes:
a speed encoder arranged to detect the speed of the moter and convertitio a
15 sequence of pulses encoding the speed of the moilor;
a local counter arranged 1o ocutput a counter signal which is incremented by pulses
from the speed encoder;
a receiver connected 1o a network and arranged o receive a timing signal from that
network; and
20 a phase deteclor arranged io determine the error signal based on the difference

between said counter signal and said timing signal.

10, A system according to claim 8 or claim 8, wherein the phase locked loop further

includes a loop filter arranged to remove possible noise in the error signal.

11 A system according to any one of claims 8 to 10, wherein the phase locked loop

25 further includes an amplifier which amplifies the error signal before passing it fo the motor.

12 A system according to any one of claims 8 to 11, wherein the timing signalis a

sequence of timestamps.

13. A system according to any one of claims 8 to 12, wherein the speed encoder i3 an

optical tachometer.

30 14, A system according to any one of claims 8 to 13, wherein the neiwork is a packet

network.
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15. A sysiem according to any one of claims 8 (o 14, wherein there are a pluralily of said
motor control units and the central control unit sends timing signals o each of said plurality of
meotor control units 30 as 1o cause the motors of the motor conirol uniis o operale in

synchronisation with each other.

16. A system gecording to claim 15, wherein the liming signals are multicast from the

centrai conirol unit to each of said plurality of molor control units.

17. A system according to any one of claims 8 {0 16, wherein the central control unit
includes:

an osciliator generaling a variable frequency pulsed signal; and

a speead counter which cournts the pulses from the oscillator,

wherein the timing signals are samples of the output of the speed counter.

18. A method of remotely confrolling the speed of a motor, the method including the steps
of:

sending, over a network, a timing signal which represents the desired speed of the
motor;

detecting the speed of the motor as a local oscillator signal;

receiving said timing signal;

comparing the phase of said timing signal and said oscillator signal io generate an
error signal; and

adjusting the speed of the motor according o the error signal.

19. A method according to claim 18, wherein there are a pluralily of said motors and the
method includes the steps of sends timing signals over said network to each of said plurality

of moiors so as 1o cause the motors o operate in synchronisation with sach oiher.

20. A method according to claim 18 or ¢claim 19, wherein the timing signals are muiticast

over the network to sach of said plurality of motors.

21. A method according to any one of claims 18 to 20, wherein, on start-up, said motor is
initially free-running, and further comprising the steps of:

receiving the first timing signal from the network and using it to initialise a local
counter which counis pulses of the iocal oscillator signal, and

starting the steps of detecting, receiving, comparing and adjusting after receipt of said

first timing signal.
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