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Motorised valves are used in industrial processes for precise control of variables such as
flow, pressure and level control. In this work, an alternate control method utilising a brush-
less direct current (BLDC) motor for an existing stepper motor-controlled needle valve ap-
plication is proposed. The objective of this thesis is to address the practical limitations that
have been identified regarding the existing valve applications, by designing and implement-
ing a closed-loop valve position control scheme with a BLDC motor and encoder feedback.

The subject was approached by first presenting the existing motorised valve application,
followed up by the theory behind how the suggested BLDC motor implementation would
solve the identified limitations. Following that, a model of the proposed position control
system was constructed in Simulink environment for preliminary validation and tuning of
the control loop. After the model-based tuning, the motorised valve was assembled in hard-
ware and the control performance tested and verified against the process requirements. The
necessary software for performance testing the developed valve control was produced as part
of the validation.

The positioning precision previously achieved by stepper motors was matched by the BLDC
motor. The practical limitations outlined in the work were addressed and improved upon by
the developed BLDC implementation. The proposed closed-loop approach enabled better
management of torque, reliable valve positioning and better disturbance rejection in the
valve application. While the result of this thesis was not a finalised product, a solid founda-
tion for utilising BLDC motors as a replacement for stepper motors in a needle valve appli-
cation, and potentially other motion control applications within the system, was established.
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Moottoroituja venttiilejd kdytetddn teollisuusprosesseissa muuttujien, kuten virtauksen, pai-
neen ja tason sdatoon. Téssd tydssd esitetddn vaihtoehtoinen BLDC-moottoria kayttdva oh-
jausmenetelmd nykyiselle askelmoottoriohjatulle neulaventtiilisovellukselle. Tyon tavoit-
teena on ratkaista nykyisissd venttiilisovelluksissa havaitut kdytdnnon rajoitukset suunnitte-
lemalla ja toteuttamalla suljetun silmukan venttiilin asentosditojérjestelma, jossa hyddynne-
tdan BLDC-moottoria ja enkooderi-takaisinkytkentéa.

Aihetta ldhestyttiin ensin esittelemélld olemassa oleva moottoroitu venttiili, jonka jdlkeen
lapikaytiin teoria siitd, miten ehdotettu BLDC-moottoritoteutus ratkaisisi havaitut rajoituk-
set. Tamén jilkeen ehdotetun venttiilin asennonséddtojarjestelmén malli rakennettiin Simu-
link-ympéristoon ohjauksen alustavaa validointia ja virittdmistd varten. Malliin perustuvan
virityksen jilkeen moottoroitu venttiili koottiin fyysisesti, ja ohjauksen suorituskyky testat-
tiin ja todennettiin prosessivaatimusten mukaisesti. Testausta ja validointia varten tuotettiin
tarvittava litkesddtimen ohjelmisto, jonka avulla kehitetyn venttiiliohjauksen suorituskyky
pystyttiin todentamaan.

BLDC-moottorilla saavutettiin aikaisempaa askelmoottorikdyttod vastaava tarkkuus. Tydssd
esitetyt kdytdnnon rajoitukset ratkaistiin ja niitd parannettiin kehitetylld BLDC-toteutuk-
sella. Ehdotettu ldahestymistapa paikkatiedon takaisinkytkennélld mahdollisti paremman
vadntdomomentin hallinnan, luotettavan venttiilin asemoinnin ja paremman héirididen sieto-
kyvyn venttiilisovelluksessa. Vaikka tdimén tyon tulos ei ollutkaan valmis tuote, luotiin hyva
perusta BLDC-moottoreiden kéytolle askelmoottoreiden korvaajana neulaventtiilisovelluk-
sessa ja mahdollisesti muissa litkkeenohjaussovelluksissa jéarjestelmassa.
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1 Introduction

In process engineering, control loops are used to automatically control a process variable to
achieve a desired output in the production process. In essence, a control loop requires a set-
point, a measurement of the controlled variable, a controller, and a final control element to
influence the process as commanded by the controller. Valves are the predominant final el-
ements when implementing control of pressure, material flow, or liquid level. To enable
valves to be controlled, an actuator, typically and electrical motor, is required to translate the

controller command into movement of the valve. (Emerson Flow Controls, 2023).

The topic of this thesis deals with existing motorised valves that are integrated into thin film
deposition systems as independent components. These valves are used in the deposition sys-
tem to control the flow of sublimated material according to process requirements. Accurate
control of gas flux is essential in certain types of deposition processes and precise valve
control is critical to achieving the desired production results. The actuators are currently
fitted with hybrid stepper motors that are driven in open-loop mode by motion controllers

using microstepping.

While the existing setup is functional, limitations have been identified regarding torque man-
agement with microstepping control mode and the open-loop control method, which can be
improved upon to increase control performance. This study aims to address the limitations
by implementing a closed-loop position control scheme using a brushless direct current
(BLDC) motor to achieve better torque management functionality and reliable valve posi-

tioning utilising position feedback.

When looking the relevant literature, several publications can be found on electrical actua-
tors, primarily focusing on development of controller hardware and different control meth-
ods. Some of the more recent ones include design of a friction feedforward compensation
method based on improved active disturbance rejection control by (Zhang et al., 2023), and
development of motor position control in fluid control valves by (Tosun et al., 2016). A more
application-based approach was considered in (Wang et al, 2024) in their development of an
all-electric subsea gate valve actuator. This thesis adopts a similar application-based ap-

proach, where emphasis is placed on adapting and improving an existing gas control valve
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application. By taking a more practical approach into a specific application, this thesis can

present new perspectives on electrically actuated valve control in the considered application.

The following introduction chapters present the premise and purpose of this study. First,
general background knowledge is provided to help understand the subject of this study. The
research problems, methods, and objectives are then presented in greater detail. The chapter

concludes with an overview of the structure of the thesis.

1.1 Research background

The company for which this thesis is being done manufactures specialised materials pro-
cessing systems, specifically thin film deposition systems. These systems are primarily used
in the semiconductor industry for both fabrication and research purposes. A thin film depo-
sition system generally consists of two or more chambers evacuated of air to achieve a high
vacuum environment, in which the deposition process can take place. A typical deposition
process involves heating source material to a point of sublimation and directing the released
atoms onto the surface of the substrate, where thin film formation and growth happens
(Ohring, 2002, p. 95-96). The thickness of grown thin film can be as small as a few micro-
metres (Wasa, Kitabatake and Adachi, 2004, p. 1), so precise control of the heating process

and atoms reaching the substrate is necessary to achieve desired thin film composition.

One method used for controlling atoms reaching the substrate, is by limiting the flux of
sublimated material using valves. Currently, to achieve accurate control of valve position,
valve actuators are equipped with stepper motors that are position controlled in open-loop
mode by microstepping. As the motorised valve can be treated as an independent component
that can be integrated modularly into the overall electrical system, each motor is controlled
by a dedicated motion controller. The valve position can be manually controlled by the user,
or the motion controller can be set up to follow an analogue control signal from an external
process controller. As part of the continuous process of improving upon the manufactured

system, a new control scheme for the motorised valves is considered.
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1.2 Research problem

Although the open-loop stepper drive is functional for position control applications, motor-
ised valve applications would benefit from better torque management capabilities than what
is currently achieved. Controlling the torque applied is critical for valve protection, as ap-
plying excessive torque, especially in the open or closed positions, can cause damage to
valves (Crabtree, 2018, p. 152). Specific to valve applications, control of torque also allows
a valve to be reliably seated by applying a specific amount of closing torque, ensuring a tight

shut-off even in varying process conditions.

Limitations on torque management arise from the absence of torque estimation functionality
in the used motion controller when microstepping. This is likely due to the nature of torque
generation when microstepping a stepper motor, as the torque produced is dependent on
partially exciting several phase windings (Acarnley, 2007, pp. 34-35), thus being hard to
estimate. The implication of the lack of torque information is that the software motion pro-
files rely only on commanded stepper motor position information to drive the motors. Be-
cause of this, over torque protection and closing torque detection of valves is implemented
solely by adjustable mechanical torque detectors. The existing solution brings with it unnec-
essary complexity and size to the valve assembly. The functionality and purpose of the
torque detector, and why it is considered a limitation, is further explored along with the

motorised valve application in Chapter 2.

Additionally, the existing control scheme is implemented in open-loop, which means that
feedback control is not utilised when positioning the motor. This is possible for stepper mo-
tors because the controller outputs the required number of steps, and based on this, deter-
mines how many steps the motor has taken and its current position. The existing stepper
motors are equipped with encoders for position information, but the information is only uti-
lised by the motion controller to detect possible stalls and for error handling. There is a
potential issue when utilising open-loop control, as if for some reason the stepper motor
could not move the requested steps, there will be a mismatch between the requested position
and actual motor position. It is obvious that this is an unwanted situation in a control process

and needs to be accounted for when designing the application. (Acarnley, 2007, pp. 89-90).
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1.3 Research objectives

In the current application, the motion controller lacks torque estimation capability for stepper
motors operating in microstepping control mode; however, this functionality is available
when driving BLDC motors. For BLDC motors, torque generated is directly proportional to
the current supplied by the controller (Hughes and Drury, 2019, p. 94). Because of this rela-
tion, torque output of the motor can be calculated using the motor torque constant and con-
troller output current. To address the existing torque control limitations, this thesis aims to
substitute a closed-loop BLDC motor scheme in place of the open-loop stepper motor
scheme applied for valve control. With this adaptation, motion profiles in the controller soft-
ware no longer need to rely solely on stepper motor position and can also utilise torque
tracking and torque limit setpoint capabilities. More versatile motion profiles also enable
flexibility to the valve mechanical design that currently includes a mechanical torque limiter

that increases the size and complexity of the application mechanics.

As open-loop stepper motor position control is fundamentally different than closed-loop
servo, the controller software needs to be revised, new motion profiles programmed, and the
closed-loop control parameters, such as PID gains, tuned for optimised valve position con-
trol. In addition to the motorised valves, all the other existing motorised applications are also
implemented by stepper motors in open-loop. The knowledge and resources gained from
creating a new implementation scheme for the motorised valves could prove useful for other

applications as well.

In summary, the objectives of this Master’s-thesis are to:
e Implement BLDC motor valve control for better torque management functionality.
e Implement closed-loop control with feedback for reliable valve positioning.
e Enable a simple and compact design for the valve actuator mechanical assembly

A visual representation of the objectives of the work, with a closed-loop position-controlled
BLDC motor and a streamlined mechanical assembly, is presented in a block diagram in

Figure 1.
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Figure 1. Proposed changes to the existing valve control architecture. a) is the existing
stepper motor solution including the mechanical torque limiter, and b) is the proposed

closed-loop BLDC solution.

To achieve the objectives set, the research will seek to answer the following questions:

e How does a BLDC motor implementation enable better torque management?

e How to tune and implement the BLDC closed-loop position control?

e How to utilise torque estimation and tracking in software motion profiles?

As the system architecture where the valve application exists has complex functionalities

and requirements, a completely finished product is out of the scope of this thesis. Rather,

achieving all the set objectives and answering the research questions will establish a basis

for an improved and robust version of the motorised valves with simpler mechanical valve

assembly and better software control capabilities. As an additional challenge regarding the

work, there are no system implementations that include a motorised valve scheduled for the

foreseeable future, so final process testing of the application will need to be performed some-

time in the future.

This work is structured into five main chapters. The preceding introduction chapter provides

a concise overview of the background, research problem, and objectives regarding the study.
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Following this, in Chapter two, the motorised valve application under study is presented,
with the objective of introducing the subject and the operation in greater detail, leading into
the basis behind the proposed BLDC motor implementation. In Chapter three, the control
loop model is designed and constructed in Simulink environment. Tuning of the PID-con-
troller and validation of the control system feasibility is done with the aid of simulations.
Following the model based tuning and validation, in Chapter four a hardware implementa-
tion of the system is constructed and further tested according to process requirements. The
necessary software for testing the control system performance and the torque management
capability is produced. The work concludes in Chapter five, where the conclusions are pre-

sented, and how to continue development in the future discussed.
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2 The motorised valve

As mentioned in the introduction, in a deposition process, the flow of atoms reaching the
substrate needs to be controlled. Flow of sublimated material in the vacuum system is gen-
erally controlled by regulating the temperature of the source material. In addition, pneumatic
shutters and control valves are used, with both having distinct use applications. Pneumatic
shutters are used inside the vacuum chamber to allow or block material flow from source to
target substrate. Valves may be required when fast changes in material flux, or leak tight
closing is needed. Control valves require an external assembly attached to the vacuum cham-
ber and are used to regulate the material flow before it enters the chamber. Valves enable

precise control over the amount of gas flux entering the chamber and flowing to the substrate.

The motorised valve assemblies used, consist of a stepper motor, a valve, and the mechanical

coupling of the motor to the valve, as depicted in Figure 2.

Mechanical coupling

Figure 2. Motorised needle valve assembly.

2.1 Mechanical assembly

The mechanical coupling assembly consists of the mechanical torque limiter mentioned in

the introduction Chapter, closed-position limit switch, slide, and linkage of the motor to the
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needle valve. The structure is shown in Figure 3. Notably, there is no gearing in the assembly

to increase or decrease motor output torque.

Limit switch
assembly

Mechanical
torque "limiter" Linkage with
needle valve

Figure 3. Mechanical coupling assembly.

When considering the working principle of the structure seen in Fig. 3, the slide and linkage
to the needle valve serve to translate the rotational movement of the motor into linear move-
ment of the valve stem. The slide block is coupled to the motor mechanics by two guiding
rods that allow it to move along the threaded rod of the slide connected to the valve. As the
motor rotates the slide block, the threaded rod creates a pushing or pulling motion for the
needle stem, which opens or closes the valve. The slide block and guiding rods work together

to keep the rigid linear movement stable, preventing misalignment of the valve stem.

As the motion controller currently in use lacks the functionality to estimate torque applied
when microstepping, closing torque detection is implemented by the mechanical torque lim-
iter. From the controller software’s point of view, closing a valve relies solely on driving the
stepper motor to a configured closed position limit switch. The limit switch and torque lim-
iter work in conjunction with each other to determine valve closing position. When enough
torque is applied by the motor, the torque limiter assembly will start to rotate against a spring,
until a trigger plate activates the closed position limit switch. The torque that is required for
the closed point limit switch to trigger, is adjusted manually by adjusting the spring. This

adjustment is first done when commissioning a valve to the process. But because the valves



18

are subject to large variations in temperature and pressure, the physical characteristics of the
valve can change and the configured closed position might not correspond with the valve
being properly sealed, leading to gas leaking through the valve. In this case, the spring needs
to be re-adjusted so that the configured motor closed position achieves a proper valve seal
again. The torque detector adds unnecessary length to the valve assembly which can be a
limiting factor when fitting valves into the complete processing system. Continual adjust-
ments needed to the torque detector spring add an extra step to the maintenance procedure

for the customer.

2.2 Bellows-sealed valve

Because of the demanding process environment in thin film deposition systems, bellows-
sealed valves are used to control gas flow. As the process takes place under high vacuum
conditions and can include various reactive and toxic gases, minimising leakage and con-
tamination is an important property for valves, and other vacuum system components
(Ohring, 2002, p. 85). The hermetic seal provided by a bellows-sealed valve effectively min-
imises leakage under varying temperature conditions to which the valves are subjected

(Dixon, 2021).

Due to the requirements of the process, the range of valve choices is limited and what has
currently proven to work best, is a stainless-steel micrometer handle operated metering
valve. The valve has a working temperature up to 482 °C, working pressure up to 48,2 bar,
and it opens to maximum flow in 6 turns of the actuator. For integration into the motorised
valve, the micrometer handle is removed and the valve actuator coupled to the motor as seen

previously in Figures 2 and 3.

2.3 Valve application

A typical application in which the described motorised valve is used can be for example,
controlling the flux of material with a valve. A general schematic of such application is pre-
sented in Figure 4. Components depicted in the Figure are the existing motorised valve,
connected in a gas line between source material tank and the vacuum chamber, a capacitance

manometer for vacuum pressure measurement, a turbomolecular pump, a higher-level
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process controller, and the motor controller assembly, which houses the stepper motor mo-

tion controller.

Process Controller

Pressure measurement ———————————»

Analogue
control signal

Stepper motor with encoder

Connected to metering valve ¢ I s .

¢ s oo O

Motor Controller

Figure 4. Schematic diagram of a motorised valve application.

The position of the valve can be manually controlled from the motor controller human-ma-
chine interface (HMI), or from a higher-level process controller. In the case of manual con-
trol, the analogue control signal is ignored, and the stepper motor is driven according to user
setpoint. The motor can be jogged manually, and the valve position read from the motor
controller. Manual functionality is required when users want to have direct control over the
material flux. The motor controller can also be placed in analogue mode, in which the valve
position is controlled based on an analogue signal, and manual setpoints are ignored. In the
setup presented in Figure 4, the material flux is regulated by pressure feedback control from
the gas manifold. A separate process controller is used for implementing the pressure set-

point, feedback and PID-control loop.
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2.4 Existing stepper motor control

The motorised valves are currently actuated by 1,8° hybrid stepper motors. Acarnley (2007,
pp. 1-10) describes that the main property defining stepper motors is the ability to produce
motion in discrete fixed movements, or “steps”. These incremental steps are the result of a
toothed structure present in both the stator poles and the rotor. When one pair of stator wind-
ings are energised by a stepper driver, the magnetic flux produced will work to align the
rotor and the energised stator teeth. In a 1,8° stepper motor, the construction of the stator and
rotor is such that when the rotor teeth are aligned with the poles of a winding pair, the next
sequential stator teeth are misaligned from the rotor teeth by 1,8°. So, when the initial stator
windings are de-energised and the next windings energised, the rotor moves a step of 1,8°
into a new alignment position. With a step size of 1,8°, a full revolution consists of 200

discrete steps.

To achieve finer position control and smoother position, microstepping is applied, dividing
each full step into smaller increments by accurately regulating the current in the windings.
In the existing application, each stepper motor has a dedicated motion controller that drives
the motor by microstepping. The controller can produce 51200 steps/revolution for the used
1,8° stepper motors, thus achieving a step angle of 0,007°. The torque produced when mi-
crostepping is dependent on partially exciting several phase windings and the controller in

use does not have the capability to estimate the torque generated by the motor.

The existing motorised valve assembly and its integration into the overall system have been
presented in more detail, highlighting the limitations regarding the mechanical assembly.
The above-mentioned limitations and possible risks regarding stepper motors, as mentioned
in the introduction chapter, are the driving factors for considering an alternative control strat-
egy for the valve position control. With the existing application introduced in detail, the
basics of BLDC motors are presented next, focusing on the factors how adopting BLDC

motor could improve the stepper motor driven valve application.

2.5 BLDC motor

There are varying terms used for describing brushless DC motors, and as acknowledged by

Hughes and Drury (2019, p. 307), the various naming conventions for essentially the same
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motor can cause some confusion on the topic. Other commonly used names for this type of
motor are permanent magnet servo motor and brushless servo motor. For clarity’s sake, a

description relevant to this work is given.

As described by Kim (2017), a brushless DC motor is a type of DC motor with permanent
magnets on the rotor and armature windings on the stator. It is electronically commuted by
sequential excitation of the stator windings. Effectively, it has a reversed structure compared
to a brushed DC motor, where magnets are placed on the stator and armature windings on
the rotor. Eliminating the need for brushes, commutators, and windings in the rotor, the
BLDC motor structure allows for better efficiency, longer lifetime, and less operational
noise. Because of these features, BLDC motors are used in many areas including electric
vehicles, drones, household appliances and many industrial applications such as robotics,

conveyor belts, and CNC machines (Mohanraj et al., 2022).

2.5.1 Structure and commutation

BLDC motors come in various phase, winding, and magnet pole configurations, but the one
used in this valve control implementation is a 3-phase, 4-pole motor. A simplified diagram
of a motor structure with this configuration is presented in Figure 5. The exact number of
winding slots in the motor is not known, but the basic principle of commutation stays the

same regardless.
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COB, )

4 Pole Rotor

Figure 5. Simplified structure of a 3-phase 4-pole brushless DC motor.

Even though a stepper motor is also in a sense a brushless motor, commutation of a brushless
DC motor is fundamentally different than the previously described stepper motor control.
To produce movement in the rotor, the stator windings need to be excited in a correct se-
quence. Using Figure 5 as a demonstration, in the present state, windings B and C are ener-
gised with C being positive and B being negative and thus they attract their respective S and
N poles. This would now be a steady state position, so to achieve motion, the next step in
commutation is to swap the excitation to windings A and B, with A being negative and B
being positive, causing the rotor to move clockwise to again align the magnets. Constant
motion is achieved when the commutation is done sufficiently fast so that no steady state
occurs. To achieve motion, position information of the rotor poles is generally required, ei-
ther from hall sensors, marked as H1, H2, and H3 in Figure 5, or from an encoder. Sensorless
commutation methods have also been developed but will not be explored here as they are
not relevant to the work. (Kim, 2017, pp. 394-398). In the application under study, commu-
tation logic will be handled by the dedicated motion controller of the BLDC motor.

The controller used utilises an amplifier with sinusoidal commutation logic. As stated in the
application note by Galil Motion Control (2011), control-wise this means that the currents
supplied to the windings are regulated sinusoidally based on motor angular position. This
creates a rotating magnetic field which turns the permanent magnet rotor accordingly. Uti-

lising a sine drive is beneficial in low-friction applications and when torque ripple is
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unwanted, and both descriptions match the valve application at hand. However, hall sensors
don’t provide precise enough position feedback for implementing sinusoidal commutation,

and an encoder for motor angular position feedback is needed.

When using encoder feedback to drive a brushless DC motor, the motion controller needs to
be parametrised correctly regarding encoder counts and pole pairs per revolution (Galil Mo-
tion Control, 2022). The important knowledge for the motion controller is how many encoder
counts per magnetic cycle of the motor there are, so that proper sinusoidal commutation can
be achieved by the controller. In the motor proposed for this valve control application, a
1000-line quadrature encoder is included to provide precise positioning feedback. The quad-
rature property of the encoder means that for each line, four encoder counts are registered
and sent back to the controller, leading to 4000 counts per revolution, which is sufficient for

sinusoidal commutation.

2.5.2 Torque characteristics

Coming back to the problem of torque estimation when driving stepper motors, and why a
BLDC motor could be a solution. From the Galil application note (2011), it can be noted that

the motion controller sine drive produces torque on the three phases according to equations

Ty=1,-K,sin 0, (2.1)
Ty = Iy - K, - sin(@ + 120), (2.2)
T, = I, - K, - sin(8 + 240), (2.3)

where Ta, T, Tc are torque outputs per motor phase [Nm], /a, I, Ic are phase currents [A],
K is the motor torque constant [Nm/A] and 6 is the motor angular position [°]. Because a
sinusoidal drive is utilised and exploring the effects of non-sinusoidal back EMF (electro-
motive force) on torque is not essential regarding this thesis, sinusoidal back EMF is con-
sidered for a concise description of torque characteristics. Trinh and Le (2016) describe the
electrical torque production in this type of ideal BLDC model. To calculate the total torque

T, the phase torques are summed up as presented:

T =K, (I-sin0 + Iy - sin(8 + 120) + I - sin(6 + 240)). (2.4)



24

In addition, as the motor is sinusoidally commutated, the phase currents are sinusoidal as

follows:
Iy = I.pg - sinf, (2.5)
Ig = I * sin(@ + 120), (2.6)
Ig = Ioma - sin(@ + 240), (2.7)

where Icmd is the commanded current output of the controller. If the phase current equations

are substituted into the total torque equation, another representation for torque is found:
T =K, - Img - (sin?(8) + sin?(0 + 120) + sin?(0 + 240)), (2.8)
and finally, by solving part of (2.8), the torque equation can be simplified to:
T=K; Img-1,5. (2.9)

From (2.9) it is seen that the output torque for the 3-phase BLDC motor can be calculated
from the motor torque constant and the commanded current from the controller. As the elec-
trical angle is eliminated from the equation, it can be stated that the torque produced is con-
stant regardless of the electrical angle. In the controller used, commanded signal is a meas-
ured parameter that can be used in the motion control software. As the torque is directly
proportional to the supplied current, the measured current output of the controller can be

used in software motion profiles to implement necessary torque limits.

A thing to note here is, that the torque calculated is a simplification and is not the exact
output torque of the motor. The torque constant variable K, which is used to represent the
relationship between current input and torque output, is generally given by the motor manu-
facturer and it approximates the motors physical and electrical characteristics related to cur-
rent input to torque output (PMW Dynamics, 2023). As the torque constant is constructed
from varying characteristics, the calculated torque will not be the actual output torque. How-
ever, in the application at hand, is it not necessary to know the exact torque output of the

motor and the calculation presented above will be sufficient.

The main differences between stepper and BLDC motors, and their commutation and control
methods relevant to this work have now been shortly discussed. With the premise behind
changing the motor type in the valve application described, in the next chapter the proposed

control loop of the BLDC motorised valve is modelled and simulated.
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3 BLDC motor position control loop modelling and simulation

In this Chapter, the proposed BLDC motor position control loop is presented in detail and
the feasibility of the control loop validated by Simulink simulations. The objective of this
chapter is to create a model that represents the valve position control dynamics, which is
then utilised for tuning and validation of the control loop. The goal of tuning and validation
is to verify the feasibility of the proposed control scheme and to obtain initial PID-controller
parameters to be used in the physical application. This chapter seeks to present an answer to
the defined research question “How fo tune and implement the BLDC closed-loop position

control?”.

3.1 Position control loop

As mentioned, unlike the open-loop control scheme of the stepper motors, BLDC motors
commonly use position feedback to achieve commutation. The commutation logic is handled
by the motion controller and will not be a focus of this thesis; however, the same encoder
feedback will be used for implementing closed-loop control of the valve position. Closed-
loop control is commonly used in position control applications, wherein the controller uti-

lises position feedback from the system to adjust the controller’s output (Kim, 2017, p. 58).

The motor chosen for the application is a brushless servo motor BLM-N23-50-1000-B from
Galil Motion Control. It utilises a 48 V DC supply and draws a maximum of 4,6 A of con-
tinuous current, achieving 0,39 Nm continuous torque. The torque produced is less than what
the existing stepper motor can achieve, but large enough to fulfil the torque requirements of
the valve application. As already mentioned above, the motor has a 1000-line quadrature
encoder attached for position feedback, enabling precise position control. The motor specif-
ically has low cogging and smooth performance even at low speeds which makes it a good

fit for the valve position control.

The controller used in this application is a Galil DMC-30017 single axis motion controller
with an internal servo amplifier. Using the information provided by the Galil motion con-

troller manual (2022), a closed-loop position control block diagram for a BLDC motor and
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specific controller implementation can be constructed in Simulink like format as shown in

Figure 6.
Motion controller T
orque
PID-controller disturbance
Position System
command output
O e L S e P R e
Output DAC Amplifier Torque Torque to position
limits gain constant transfer function
C-z
™ z—1
Motor positios
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i A000/(2"pi)
I _0m
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Figure 6. Block diagram of the position control loop of the BLDC motor.

The motion controller, denoted in Figure 6 with a light brown background, includes a PID-
controller, a digital-analogue-converter (DAC), and a current drive amplifier that outputs the
current command to the motor. In addition, a saturation block is used to represent PID-con-
troller output limits that can be programmed to limit the motor command output and the

resulting torque.

The PID-controller is utilised in closed-loop control to automatically correct position errors
in the measured output compared to the commanded input. The PID-filter representation,
denoted in the diagram with a violet background, is constructed from the filters discrete

transfer function D(z), according to the following equation:

K-(z—A C- -z
( )+

D(2) =
(2) p .

(3.1)

where K, 4 and C are filter parameters that are calculated from programmable PID gain
parameters for proportional gain K, derivative gain Kq and integral gain Kj, according to the

following equations:
K =K, + Ky, (3.2)

Kq4

A=—2—,
K, + Kq

(3.3)
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C =K, (3.4)

The discrete time transfer function D(z) in (3.1) is equivalent to the continuous transfer func-
tion D(s), which is a more familiar Laplace transformed parallel form representation of a

PID-equation expressed as
K;
D(s)=Ky+——+Ts-Kq"s, (3.5)
Ts-s

where, s is the Laplace operator and 75 is the sampling period of the controller.

In Figure 6 the DAC and current amplifier are represented in the diagram as gain blocks.
The DAC converts a 16-bit integer value of the PID-controller output to analogue format.
The controllers output voltage range is 10 V, and with a 16-bit integer the input range can
have 65536 values, thus the gain of the digital-analogue-converter becomes 20 V/65536.
The amplifier gain K, is a programmable parameter within the motion controller that con-
verts the controller output voltage to output current for the motor. The gain block represen-
tation is a simplification of the current amplifier, as there is also a closed-loop current control
present in the controller. However, details of the current control loop are not given by the

manufacturer, so the simplified model is presented and considered in this thesis.

As the controller outputs current, in the closed-loop position control representation the DC
motor transfer function P(s) is modelled with angular position as the output and current as

the input accordingly:

(3.6)

where J represents the rotor inertia [kgm?], and b the viscous friction constant [Nms]. The
torque constant K; gain block transforms the current output of the controller into electrical
torque. The torque disturbance signal that is input into the electrical torque is utilised later
in the tuning process. From the transfer function in (3.6) and the controller output current,
the system output is received as angular position in @ radians. As the position command to
the controller is given in encoder counts, the feedback from the system needs to be in the
same units for the loop to function. The encoder is represented in Figure 6 as a gain of 4000
counts / 2-mt, which represents the previously mentioned property of 4000 counts per full

revolution.
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3.2 Controller tuning and validation by simulation

Now that the controller and control loop structures have been established, the system and
controller behaviour will be analysed. For the control loop to function properly, the PID-
controller needs to be tuned according to the controlled system, which in this case is the
position control of the BLDC motor. There are various approaches available for PID-con-
troller tuning and it can be hard to choose the “correct” method for a specific application.
Methods like the Ziegler-Nichols, Chien-Hrones-Reswick and Cohen-Coo are widely used,
even though good results are only obtained for specific types of processes, and the design
criteria generally lead to non-robust control loops (Astrém and Higglund, 2006, pp. 159—
169). For the BLDC motor position control, a robust controller that has good disturbance

rejection is desired, and as such a different approach to these methods is chosen.

As the system model has already been constructed, in the form shown in Figure 6, and can
be used to simulate different responses, an experiment-based method for the controller tun-
ing can be utilised. Shamsuzzoha and Skogestad (2010) developed a simple method for PID
tuning based on a setpoint overshoot method, which works for varying types of processes
and has been verified in industrial applications, although not specifically for motor control.
The advantage of this method compared to Ziegler-Nichols closed-loop tuning is that a
closed-loop step response is used instead, and the process does not need to be driven to
oscillation. This means that in addition to simulations, the tuning method can also be utilised
in the actual process without danger of it becoming unstable. Additionally, the resulting PID-
parameters from the method can be adjusted afterwards using a detuning factor in the calcu-

lations, which allows the control to be tuned more aggressive or more robust.

3.2.1 Tuning goals and model basis

The two main performance criteria of servo motion control, as suggested by Kaiser (2001),
are command tracking and disturbance rejection. That being the case, the control design
needs to include validation regarding these parameters. As such, there are no “traditional”
tuning goals, such as rise or settling times to step responses, presented for this application.
Rather, for motor position control, the tuning goal regarding tracking of the commanded

position is to minimise position error, with the ideal scenario being that the motor always
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tracks the commanded position precisely. For disturbance rejection, the controller needs to
be able to correct external disturbances that can affect the motor position. The expectation
is that a well-tuned PID-controller can reject disturbances of reasonable amplitude and keep

the motor at the commanded position.

The block diagram presented in Figure 6 is used in Simulink environment for tuning the
control. As the bellows sealed valve introduced in Chapter two is originally actuated manu-
ally by a micrometer handle and the valve mechanical coupling into the motor is a custom
design, it is hard to estimate load parameters that would represent the assembly with accu-
racy. Instead, for approximating effects of load to the control, a torque disturbance step is
input into the system, effecting the electrical torque. With a disturbance input, the control
stability and performance can be evaluated without adding an approximation of the load into
the model. The brushless servo motor and motion controller parameters used in the simula-

tion are shown in Table 1.

Table 1. BLDC motor and motion controller parameters considered in the simulations

Parameter Value
K 0,08 Nm/A
J 2,5-10° kgm?
B 0,000748 Nms
Z + 22938
Ka 0,8 A/V

The motor torque constant K; and moment of inertia J values are provided by the datasheet
of the used motor. Viscous friction constant b is an estimated low value used to add the
effects of friction into the model. The motion controller parameters correspond to the actual
parameters used in the application, with the controller output limits Z of + 22938 correspond-
ing to output voltage limits of + 7 V. With the amplifier gain K. of 0,8 A/V, this corresponds

to 5,6 A maximum current supplied to motor.
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3.2.2 Tuning PID-controller with setpoint overshoot method

In their publication, Shamsuzzoha and Skogestad (2010) propose a tuning process which
will be followed as applicable. The closed-loop setpoint tuning process begins as the name
suggests, with a setpoint step response experiment. Parameters to be observed from the re-
sponse are the magnitude of the overshoot, time of the first overshoot, and relative steady
state output change a. The first goal is to achieve a sufficient overshoot with a P-only con-
troller to observe the mentioned parameters. A sufficient overshoot is between 10 % and 60
%, with lower overshoots ending up with a more conservative and robust controller. Con-
sidering this, the overshoot aimed for in the simulations is 20 %. In the experiments, a 4000
encoder count step input is given to the controller, which translates to a full rotation of the

motor. The system response to the initial step response experiment is shown in Figure 7.
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Figure 7. System input step response, P-controller (K, = 2,1).

The initial P-controller gain that achieves approximately 20 % overshoot of 804 encoder
counts, is found through repeated simulations to be K, = 2,1. Time to the first peak of the

overshoot, measured from time of the step input at 0,2 seconds, is #, = 0,109 seconds. There
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is no steady state error observable from the response, so relative steady state output change
is a = 1. In the actual application, this would probably not be the case, as there is a point
when the proportional gain will not generate enough current to produce motion in the motor.
The disturbance step input is omitted from Figure 7, as it is not part of the tuning process,
but in the interest of a short analysis of the P-controller, the response is shown in Figure 8.

A torque disturbance step of 0,31 Nm is input into the model at timestamp of 1,5 seconds.
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Figure 8. System input step and disturbance step response, P-controller (K, = 2,1).

Two distinct behaviours can be highlighted from this response. With a step of 4000 encoder
counts, the P-controller settles the motor position at exactly 4000 counts, eliminating steady-
state error completely. When the torque disturbance signal is input to the model at 1,5 sec-
onds, the controller can no longer keep the motor at the commanded position and a steady-
state error of over 4000 counts is settled on. The reason for this behaviour is explained well
in a book Modern Control Engineering by Ogata (2010, pp. 225-230). Ogata shows that for
a system such as motor position control, the response to a step input achieves zero steady-
state error, due to the integrating nature of the process. Integration happens in the model

from acceleration to speed, and from speed to position. When a step torque disturbance is
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input into the model after the controller as seen in Figure 6, it drives the motor into a new
position resulting in position error. As the disturbance is a continuous input, the P-controller
requires a continuous error in the position signal to attempt to cancel the effects, resulting in
the control settling on a steady-state error. To eliminate this type of disturbance, integral

action is required by the controller.

Before adding the integral action, the next tuning step is adding derivative action. Derivative
portion of the controller acts as a damper to the proportional gain and is used to achieve more
stable control (Galil Motion Control, 2016). Shamsuzzoha and Skogestad suggest that since
the derivative parameter influences the proportional and integral gain parameters, the deriv-
ative term should be added to the initial step response experiment, to be included in the
tuning process. The derivative time constant 74 can be estimated reasonably from the initial

P-controller system response as:
Tq = 0.27 - t,,. (3.7)

To utilise the derivative time constant in the digital controller used, it needs to be converted
to derivative gain Kq by the following equation:

Ky Ty

K, 3.8
= (38)

From these calculations a value of 61,803 is found for derivative gain Kq. With the derivative
gain added to the controller, the initial step response experiment is repeated with the PD-
controller. To achieve an overshoot magnitude of 20 % again, the initial proportional gain
K, needs to be increased, as the derivative gain will dampen the response. The value for the
adjusted proportional gain K, that achieves a 20 % overshoot is found to be 8,8. The resulting

step response is shown in Figure 9.
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Figure 9. System input step response, PD-controller (K, = 8,8 and K4 = 61,803).

Again, the magnitude of the overshoot, time of the first overshoot, and relative steady state
output change are recorded. With the parameters gathered from the PD-controller response,

the values for proportional gain Kj, integral gain Kj, and derivative gain Kq4 can be calculated.

For finding the values for K;, and K; from the step experiment data, a ratio between these
values and the experiment values is needed. For overshoot experiments between 0,1 (10 %)

and 0,6 (60 %), an equation resulting in the ratio R, is presented:
R =1,152-m?—-1,607 -m + 1, (3.9)

where m represents the overshoot magnitude percentage in decimal form, which was chosen
in these simulations to be 0,2 (20 %). Parameter R is then utilised in finding the PID-con-

troller values according to the following equations:

_Ky R

Ky = 2, (3.10)
. a
T; = min (0,86 ‘R |m| t,,  244-t,- F>, (3.11)
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where F is the user selectable detuning factor for adjusting the controller behaviour. In this
case F'is kept equal to 1, so the detuning factor does not influence the calculations. Inserting
data from the setpoint response the resulting parameter values are K, = 6,3772 and T; =

0,0343.

The values of K, Ti and 74 obtained so far assume that a cascade type of PID-controller is
used. As the controller used in this application is equivalent to a parallel form controller as

shown in (3.5), the calculated values need to be corrected by a factor of ¢

Tq
c=1+. (3.12)

i

The factor c is then utilised in the following equations to obtain the final controller parame-

ters
K, =c-K, (3.13)
Ti’ =c-T (3.14)
, _Ta
T; = 7 (3.15)

Inserting the data gathered from the experiments and calculations so far, the final parameter
values are K;DZI 1,8525, T: 'i=0,0637, and T, 'd=0,0158. For setting the final parameters into the
Galil Motion Controller, integral time and derivative time need to be converted to their re-

spective gains and into discrete form

P (3.16)

, Ky Tq

3.17
=t (317)

With the chosen sampling time of 0,001 seconds, the final integral gain and derivative gain
parameters are K;=0,1860 and K,;=187,6805. Response of the final PID-controller is pre-

sented in Figure 10.
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Figure 10. Final system input step and disturbance step response, when PID-controller is
used.

Previously with a P-only controller seen in Figure 8, the input step disturbance caused ap-
proximately a 7500 encoder count steady state error, which corresponds to nearly two full
rotations of the motor. Now with the final tuned PID-controller this disturbance only causes
the motor to deviate briefly by 1100 encoder counts, before adjusting and settling to no
steady state error 0,3 seconds after the disturbance input. As the torque disturbance magni-
tude is 0,31 Nm, which is close to the maximum continuous torque 0,39 Nm the motor can

provide, the control looks to have excellent torque disturbance rejection characteristics.

The response to the initial step input also shows a relatively large overshoot, which in some
processes could be considered unacceptable. However, for a motor control application, even
though the step response is a good tool to use for tuning and analysis, a motion command
given as a step input is often avoided, as it can cause excessive torque demand and stress to
the mechanical couplings. Rather the motion controller needs to be programmed with spe-
cific motion profiles that characterise how the motor should complete a commanded motion.
To simulate the behaviour of a motion profile and to analyse the system response, a ramping
sequence is input into the system and the motor position recorded. This simulation case is

seen in Figure 11.
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Figure 11. System response to a ramping position sequence.

Even though the system step response showed a significant overshoot, from Figure 11 it can
be shown that the position control follows the reference position very well, with the highest
deviation being 160 encoder counts during deceleration to stopping point. Acceleration and
deceleration are parameters that can be controlled by software motion profiles with the goal

of eliminating these types of overshoots.

As mentioned in the beginning of the tuning chapter, the most interesting properties of the
motor control loop are disturbance rejection and reference tracking. From the system re-
sponses presented in Figures 10 and 11, it can be concluded that based on simulations the
proposed system and control loop are feasible to implement into hardware and decent per-
formance can be expected. It is to be expected that the simulations do not perfectly represent
the actual physical application, but the tuning done should give a good starting point for the

implementation and further experimental tuning.
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4 Implementation and testing

With the model-based simulation and analysis done, this chapter moves on to the physical
implementation and performance testing of the control system and motorised valve. The goal
of this chapter is to assess if the results gained from model-based tuning are appropriate to
the application, and if necessary, continue the tuning process based on measured system
responses. Before coupling the valve and mechanics to the motor, tests will be performed
with no-load condition to verify that the control is as expected, and if not, adjust the control-
ler as needed. The rest of the tests will be carried out on the complete assembly with motor
and valve mechanics coupled. However, it is worth remarking that it is not possible to test
the valve in the process conditions, so the tests are limited to the application as an independ-
ent component and will focus solely on position control, rather than regulating the final pro-
cess variable. The tests performed for the valve assembly include point-to-point motion and
position tracking tests, as these are the control modes available for the user. One of the goals
set for this work was to achieve a simpler and more compact design for the valve mechanical
coupling, and an initial version of the new coupling will be implemented for these tests. It
is expected that with final manual tuning, the position control system can be fine-tuned to

achieve better performance than relying solely on model-based tuning.

For evaluating system performance, a test program is written and implemented in the motion
controller software. The code created for the tests is shown in Appendix 1. The program has
three main motion functions: closing the valve, performing a point-to-point motion, and a
position tracking mode following an analogue signal. For each test, the commanded and
actual positions of the motor are recorded for analysis. Due to the limitations of the control-
ler, the positioning tests record data at 0,004 second intervals, rather than the controller’s
sampling frequency of 0,001 seconds. As a safety feature, continuous and peak current limits
are defined as hard constrains, to avoid supplying overcurrent to the motor or excessive
torque to the load. Feedforward parameters for velocity and acceleration can be set to fine-
tune the motor response, if necessary, but are not configured at this point. The PID-controller
parameters obtained from the model-based tuning, and the motion profiling parameters are

set in the controller as shown in Table 2.
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Table 2. Controller parameters used in the testing (obtained from tuning approach introduced
above) and limits.

Parameter Value
Ky 11,88
Ki 0,1855
Kq 187,63
Acceleration limit 24576 encoder counts/s?
Deceleration limit 24576 encoder counts/s’
Speed limit 8000 encoder counts/s

Fast motion of the valve is not critical in this application, rather control accuracy and relia-
bility is emphasised. A speed of 8000 counts/s is chosen so that full range of actuator motion
is achieved in roughly 3—4 seconds. A 24576 counts/s” acceleration and deceleration limits

are applied to prevent abrupt start and end motion.

4.1 Motorised valve assembly under test

With a BLDC motor and software capable of limiting applied torque, the mechanical torque
limiter previously present in the valve coupling assembly is redundant. The new assembly

used in the following tests is presented in Figure 12.

Figure 12. New motorised valve assembly with more compact design.



39

In the revised assembly, the motor shaft is coupled with the valve actuator directly through
a two-part coupling block. With the mechanical torque limiter shown previously in Figure 3
removed, the valve assembly is considerably more compact. The need for the user to do
additional maintenance of re-configuring the closed position by adjusting a spring is no

longer needed. The new design is also simpler and can be better integrated into tight spaces.

4.2 Point-to-point motion

Point-to-point motion is used when manually controlling the valve position. The point-to-
point tests are performed first to gain initial information of motor functionality and calcu-
lated PID-parameters. For the tests, motion is initiated from the fully closed valve position,
to capture the closed position dynamics of the control. The motion controller has inbuilt
functionality for generating trapezoidal motion profiles according to the set parameters for
speed, acceleration, and deceleration limits shown in Table 2. The tests are carried out first

at no-load condition and afterwards on the complete valve assembly.

4.2.1 No-load motion tests

As a starting point for the performance evaluation, it is of interest to verify if the actual
system has similar behaviour to the simulated model. As mentioned earlier when presenting
the system model, it is possible that not all aspects of the control system are accurately pre-
sent in the model, one such possibility being the current control loop functionality. For ana-
lysing the model equivalence to the physical system, the motor is connected to the motion
controller with no load attached. This setup matches the simulations as the load inertia or

torque were not included in the model, because reasonable estimations were hard to make.

To produce a step response from the motor, the acceleration, deceleration, and speed limit
parameters are briefly raised to very high values, meaning that the controller motion profile
and commanded motion is not constrained by the limits. This is only done for the initial step
response test with no load connected, as giving a step input with load connected can cause
damage to the valve and the mechanical coupling. The system response to a step input of

4000 encoder counts, together with the earlier simulated response are plotted in Figure 13.
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Figure 13. Actual and simulated system responses to a step input of 4000 encoder counts.

From Figure 13, it can be noted that the actual and simulated system responses are similar
but not equal. The simulated response exhibits a bigger overshoot before settling to the ref-
erence position at approximately the same time as the actual system. A bigger overshoot
could indicate that the simulation model has a higher total gain in the control loop, possibly
due to some unmodeled functionality of the motion controller related to the controller current
loop that remained unmodeled. Another possible reason for some of the deviation is the
variation of given motor parameters, such as torque constant, which generally has a tolerance
of £10% from the given value (Bouat, 2021), or parameters that cause damping like the
estimated viscous friction coefficient. Because the shapes of the response curves are still
very similar (rise time, 1 % settling time), it can be concluded that the general system dy-
namics are captured correctly by the simulation model. As such, the model-based tuning
procedure done can be expected to have achieved decent PID-controller parameters and per-

formance verification can be further continued.

As mentioned in the beginning of chapter three, one important performance criterion in po-
sition control applications is position tracking. For this valve position control application,
giving a position reference as a step input is not appropriate or necessary. Instead, a motion
profile is utilised by the controller in defining how the motor should move to the target po-

sition. For the tests, the limits for acceleration, deceleration and speed are reinstated. A
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24000 encoder count position is given as the target, which corresponds to six full rotations
of the motor. Also, as can be recalled from chapter two, the needle valve opens fully from
closed position in six full turns of the actuator. Thus, with a 24000 encoder count move, the
motion of whole working range is recorded. The resulting motor motion, with no-load con-

nected, is recorded and graphed in Figure 14.
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Figure 14. Motor position test without load. (K, = 11,88, K¢= 187,63 and K;= 0,1855).

A look at Figure 14 shows that the motor exhibits very good position tracking performance
without load. The raw position data shows a small oscillating error of a maximum of 2 en-
coder counts between the motor position and the motion profile during motion. A deviation
of 2 encoder counts is equivalent to 0,18°, which is very small and to be expected. As the
results of the no-load tests are acceptable, further tests can now be carried out on the coupled

valve assembly.

4.2.2 Valve motion tests

With the satisfactory results of no-load tests, the motor is coupled to the valve according to

the new assembly presented in Figure 12. The same motion of 24000 encoder counts as was
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performed for the no-load condition is repeated. Upon initiating the move, the resulting mo-
tion can be immediately observed to be oscillating rather than smooth. This oscillatory be-
haviour, exhibiting a low frequency of approximately 5 Hz, is likely caused by the control

loop dynamics. The recorded motion with oscillation is presented in Figure 15.
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Figure 15. Motor position test with valve attached (K, = 11,88, K4= 187,63 and K;= 0,1855).

Two notable problems can be recognised from the data graphed in Figure 15. After coupling
the valve, motion does not initiate until a position error of around 600 encoder counts is
reached. With the valve actuator and coupling mechanics adding load and inertia compared
to the no-load condition, the motor struggles to overcome static friction and begin motion
from stopped state. However, the motor should have no trouble handling this, as the inertia
and load of the assembly are relatively minor. This could indicate that the controller propor-
tional gain is too low, resulting in inadequate motor command and torque generated to initi-
ate movement of the valve actuator. When motion is initiated, there is a notable overshoot
and subsequent oscillation, leading to visibly choppy motor rotation. An oscillation that is
present throughout the motion could indicate too low derivative gain and consequently in-

sufficient damping.
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A more aggressively tuned PID-controller could be a solution for the problems observed in
the motion. As mentioned during the model-based tuning procedure in Chapter 3, a user
selectable detuning factor F' can be utilised in the calculations to adjust the controller behav-
iour. For testing if the motion can be improved using more aggressive gain parameters, three
additional values for F are re-considered in the calculations. The resulting controller gains

are presented in Table 3.

Table 3. PID-controller gains calculated in respect to detuning factor F.

F Ky Ki Kq

1 11,88 0,1855 187,63
0,75 15,80 0,2480 250,24
0,5 23,71 0,3720 375,36
0,3 39,51 0,6200 625,60

As seen from Table 3, the factor F has a significant effect on the resulting gain parameters.
The 24000-count position test carried out previously is repeated with each set of PID-con-
troller gains and the results recorded. For a detailed comparison, the results are examined
from a focused segment of the start of motion generated by the different controllers. The

data is plotted on a single graph shown in Figure 16.
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Figure 16. Beginning segment of motion with four different controllers.

Figure 16 shows that more aggressive control parameters give significantly better perfor-
mance compared to the initially selected PID gains. The overshoot and oscillation present
when F = 1, gets reduced the further the detuning factor is lowered. At /' = 0,3 the same
problems exhibited by the initial controller are barely noticeable with only a slight delay on
start and minimal overshoot after. For this application, it can be concluded that the method
used for finding initial PID-control parameters gives too conservative gains and the detuning
factor should be utilised for better performance. For comparison to the initial data in Figure

15, the position test data with the new controller with ¥’ = 0,3, is shown in Figure 17.
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Figure 17. Motor position test with valve attached (K, = 39,5, Ka= 625,6 and K;= 0,62).

The higher gains chosen allows the motor to follow the motion profile very closely, and the
motion now resembles the good performance of the no-load condition shown in Figure 14.
From the raw position data extracted from the controller, the slight lag before initialising
motion and a minor oscillation can still be observed during motion, which is not visible in
Figure 17. To visualise the position error and the effects of changing control parameters
better, the error between the motion profile reference and the actual motor positions with

different controllers is shown in Figure 18.
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Figure 18. Motor position error with four different controllers.

The lag before motion starts is evident in Figure 18, especially with higher F' value control-
lers. Significant improvement on the position error can be seen when value of F is reduced.
With the F = 0,3 controller, the position error grows to 107 encoder counts, equivalent to a
9,63° error, before the motor starts to catch up with the motion profile. The time between
motor starting to move after motion profile is started is 0,1 seconds. As this behaviour can
only be seen when the motion starts with the valve in the seated position, a very likely cause
is the static friction of the closed valve. Repeating the tests with even higher PID-controller
gains exhibits the same behaviour, so another solution would be needed. There are a few
ways to compensate for this effect, such as implementing an impulse function into the motor
command to kick off the motion, or utilising dithering to not allow settling of motion (Lewin,
no date). Additionally, more sophisticated methods, such as model based or intelligent fric-
tion compensation schemes, can be applied to mitigate the effects of friction on the control
loop (Huang et al., 2019). However, because the amount of error and duration of the lag are
small, and the subsequent correction by the motor does not cause significant overshoot, it
can be expected that this behaviour will not cause problems in this application and further

compensation will not be analysed.

What can be observed after the beginning of motion, is a periodic deviation in the position

error. The maximum deviation during motion is 36 encoder counts, equivalent to 3,24° error
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from reference profile. The time between the peaks of the oscillation would indicate a fre-
quency of 2 Hz, corresponding to the motor speed of 2 revolutions per second, so the cause
is likely to be related to motor commutation. If the frequency were higher, mechanical reso-
nance could be a possibility and would need to be prevented by filtering. A fast Fourier
transform (FFT) applied to the error data reveals the frequency components, shown in Figure

19.
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Figure 19. FFT of the position error signal.

As the data 1s recorded at a sampling rate of 250 Hz, analysis can be performed up to the
Nyquist frequency of 125 Hz. Frequencies in the figure have been divided into 1 Hz bins.
The dominant frequencies are mostly below 15 Hz which matches the low frequencies spec-
ulated from Figure 18. Attempting to filter out these low frequencies, which are close to
motor response, can cause the control to become unstable (Collins, 2016). Although frequen-
cies above 125 Hz cannot be analysed with the available data, concentration of frequencies
below 15 Hz supports the earlier assumption that no higher frequency mechanical resonances
are present. As the position accuracy during motion is not critical in this valve application,
it can be assumed that the current deviation will not cause any problems in this valve appli-

cation.
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Point-to-point tests of the valve have revealed that the initially calculated PID-parameters
achieved inadequate valve control performance, with oscillation and low-quality trajectory
tracking. By using the detuning factor included in the analytical tuning method, more ag-
gressive control parameters were found to give better performance. The point-to-point move-
ments with the recalculated parameters are smooth and settle to commanded position in de-
sired time. The software created for positioning and closing the valve is functional and cho-
sen motion controller motion parameters generate a satisfactory motion profile. While fur-
ther refinement of the motion and initial motor jerk may be possible by adjusting the motion
profile, preliminary tests with velocity and acceleration feedforwards or motion smoothing
(anti-jerk) parameters did not yield significant improvements in overall performance. With
satisfactory performance achieved up to this point, the next step is to test the performance of

the position tracking in analogue control mode.

4.3 Position following analogue input

Another mode of operation for the motorised valve is the position tracking mode, in which
the valve position is controlled based on process variable feedback. This feedback is pro-
vided as an analogue signal to the motion controller 0—5 V analogue input. For the position
tracking tests, the external process controller shown in Figure 4 is configured to provide the
analogue control signal to the motion controller. The process controller analogue output has
aresolution of 10 bits, which equates to 4,88 mV steps, while the motion controller analogue
input has a resolution of 12 bits, equating to 1,22 mV steps. Because pressure feedback from
the process is not available, the process control loop present in Figure 4 is not implemented,

and the analogue output value is setup manually on the process controller.

From previous experience, it is known that the controller analogue input has high bandwidth
and as such is susceptible to include noise in the reading. Fluctuation in the analogue reading
has been observed, which has resulted in incremental motor movement even in stable con-
ditions. This can be clearly seen by recording the data received by the motion controller
analogue input. The data recorded at 0,001 second intervals and with an input voltage of 2,5

V DC is presented in Figure 20.
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Figure 20. Motion controller analogue input reading.

As expected, the recorded data from the analogue input is visibly noisy. During the record-
ing, deviation between the minimum and maximum readings was 0,1904 V. As the analogue
input range is 0—5 V and the valve motion range is 0—24000 encoder counts, a deviation of
0,1904 V would correspond to position variance of approximately 914 encoder counts. This
is clearly unwanted behaviour, and the signal needs to be processed before it can be used as

an input in position tracking.

Since the analogue signal is supplied as DC voltage, a low-pass filter could be used to filter
unwanted frequencies from the signal and extract the wanted DC component. The liability
to read noise from the analog input is acknowledged by the controller manufacturer to which
the recommended solution is to apply a simple 1% order digital filter to the analog input
reading (Galil, 2022, p. 125). The code implements an IIR filter that utilises the analog input
and the previous filter output to calculate the filtered result. An advantage of this simple
application is low computation requirements and efficient code implementation. The adapted
filter implementation used in the tests is presented as part of the test software in Appendix 1
as subprogram #filt. As the controller has a limitation of 1000 lines by 80 characters for
program dimensions, efficient implementation is critical. The difference equation represen-

tation of the low-pass filter is
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y(m) =k x(n) + kyry(n—1), (4.1)

where 7 is the discrete-time sample index, y is the filter output, x is the analogue reading, ki

is the input coefficient, and k> is the previous output coefficient.

For obtaining the filter coefficients k1 and k> relevant for this application, a 1* order low-
pass Butterworth filter with a cut-off frequency of 1 Hz is designed in MATLAB by utilising
the recorded noisy analogue signal. The resulting filter coefficients are found to be k1 =
0,0063 and k> = 0,9937. The controller expects the coefficients to be given in fractional
values with the numerator in powers of 2, so the coefficients from MATLAB need to be

converted. Considering these constraints, the final rounded coefficients are presented in Ta-

ble 4.

Table 4. Digital low-pass filter coefficients.

Coefficient Value
ki i
256
ko &
256

From the ratio between coefficients, it can be noted that the filter places a very high emphasis
on the previous filter output, while giving much smaller weight to the current analog reading.
This should significantly reduce the effect of the analogue reading fluctuations on the filter
output. For comparison, the filtered output is recorded from which a 1 second portion is

presented in Figure 21.
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Figure 21. Filtered analogue input.

The filtered output exhibits much less variation compared to the unfiltered analogue reading.
The 1* order filter could not completely remove the noise from the analogue signal. How-
ever, the maximum deviation between minimum and maximum readings is now reduced to
0,0105 V. The results could possibly be further improved by implementing either a higher
order filter or another type of filter, such as moving average. As code efficiency and sim-
plicity is highly valued, the trade-off between performance and implementation complexity
needs to be kept in mind. While the unfiltered analogue input voltage fluctuations would
have corresponded to a 914 encoder count variation, the filtered signal deviation equates to
only approximately 50 encoder counts. Based on this improvement, the amount of filtering

achieved is considered to be enough to proceed with position tracking tests.

For the position tracking tests, the subprogram labelled #PT is utilised for commanding the
motor to follow the filtered analogue input signal. The functionality is such that the motor is
put into jog mode for continuous motion, and the jog speed is defined by the existing position
error between the requested position by analogue input and actual position. The relation be-
tween position error and jog speed is 1:2, meaning jog speed is equal to position error times
two in encoder counts/second. A command of 2,5 V is given from the process controller
which translates to a position of 12000 encoder counts for the motor. Data is once again

recorded for analysis.
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From the test data, and visually from the valve, it can be seen that the small analogue signal
deviation still causes incremental motion even in the steady state condition. Because the
position error in encoder counts directly transfer to jog speed, and the minimum jog speed
for the controller command is 2 counts/second, even small variations in the signal cause a

change in jog speed.

It is known from the data recorded and previous approximations, that in steady state condi-
tions, variance in the requested position due to the analogue signal fluctuation is around 60
encoder counts. To get rid of this final incremental movement, a small deadband is imple-
mented for the position tracking motion loop. By constraining the jog speed to update only
if £30 encoder counts error is calculated between requested and actual position, the final
jittering can be eliminated. Applying a deadband will reduce the responsiveness of the motor
control as small legitimate changes in the input signal might not have any effect on the sys-
tem. If this deadband has a noticeable adverse effect on the process control can only be
finally judged when the application is tested in a process environment, but considering the
whole range of valve motion, a £30 encoder count deadband is not expected to cause major

issues.

With the low-pass filter and deadband applied to the control, a final test of position tracking
program and filter functionality can be initiated. With the lack of process feedback, a similar
test to the point-to-point motions is initiated to gauge the general performance. Two arbitrary
movements are initiated by the process controller. Initially the controller outputs a 2,5 V
signal, commanding the motor to a position of 12000 encoder counts. Then the signal is
changed to 1,25 V corresponding, to a position of 6000 encoder counts. The resulting motion

profile is shown in Figure 22.
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Figure 22. Position tracking motion profile of two arbitrary movements.

As the data indicates, the motor follows the analogue signal commanded positions of 12000
and 6000 encoder counts. The first move settles to 12007 encoder counts, and the subsequent
move to exactly 6000 encoder counts. The control responds to changes in the analogue input
quickly and the resulting motion is smooth and adequately fast. There is no oscillation in
either commanded position indicating that the applied deadband has achieved the desired

functionality.

In the evaluation of position tracking motion, focus was placed on handling the analogue
signal. This signal was previously identified to be noisy and that it was a factor in causing
motion jittering. The implementation of a simple and code efficient low-pass filter reduced
the signal noise by a significant margin. The final incremental motor motion in steady-state
conditions was eliminated by adding a deadband to the control. The filter and position track-
ing software created were proven to work in the test environment and the results provide a
solid foundation for further valve testing in a process environment, where the objective is to

regulate various process variables.
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5 Conclusions

This work set out to study, design and implement a BLDC servo motor as a replacement for
a stepper motor in a needle valve application. The theoretical section followed up by the
control loop modelling and simulation provided the basis for the new closed-loop BLDC
motor implementation, which fundamentally differs from the existing open-loop stepper im-
plementation. Through simulations, analytical tuning, and hands-on validation, the proposed
closed-loop position control of the needle valve, with the selected DC servo motor, was de-
veloped and proven to be functional. The research questions how a BLDC motor implemen-
tation enables better torque management, and how to tune and implement the closed-loop

position control were successfully answered.

The control loop performance was evaluated through point-to-point motion and position fol-
lowing tests. A specific test software, outlined in Appendix 1, was developed for facilitating
the motions and recording the data for analysis. As the tests could not be done in a process
environment with the controlled process variable present, the focus was placed on achieving
precise positioning to manual inputs. The positioning precision achieved previously by step-
per motors was matched by the BLDC implementation after finding the correct PID-control
parameters for the application. After controller tuning, the main objective of the position
tracking section became filtering the followed analogue input signal. From previous experi-
ence, the signal was identified to be noisy, which had been causing problems for the motor
control. With a low-pass filtered analogue signal and a deadband applied to the position
control, stable positioning was achieved in steady-state input conditions. It is worth nothing,
that the closed-loop tuning process introduces an additional step in the control design, while
the open-loop steppers do not require tuning to achieve precise positioning. There is a clear
trade-off between the simplicity of the open-loop implementation, and the closed-loop
BLDC implementation, which enables torque control, reliable valve positioning, and better

handling of disturbances due to position feedback.

The goal presented in the introduction chapter (Figure 1), of creating a simpler and more
compact valve assembly structure was achieved, and the updated motorised valve construc-
tion was presented in Figure 12. The mechanical torque limiter, which was introduced as a

research problem, was made redundant by the BLDC motor property of supplied current
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being directly proportional to the torque generated. With the proposed implementation, the
supplied current can be monitored and used as a control parameter within the motion con-
troller software. This property was made advantage of in the valve seating program, where
the valve is closed with a specific current limit, handling the function of the mechanical
torque limiter completely in the software. Because the control hardware used for the BLDC
implementation is the same as that used for the stepper motors, the new motor and coupling

could relatively easily be retrofitted into existing valve applications if desired.

5.1 Future work

The final outcome of this work is not a finished product that can be included in the company
portfolio. Rather, it can be regarded as proof of concept and viability, that needs to be further
developed to achieve the quality and reliability required. The next steps toward achieving a
complete product include further performance evaluation of the control and software devel-

opment.

As the performance tests conducted in Chapter 4 were not possible to perform in a process
environment, the results achieved are based on ideal conditions and might not fully corre-
spond to the final application when implemented in a system. Additionally, the tests per-
formed were focused on solely control of position, rather than the final process variable.
Before declaring the BLDC servo control of the valve a complete product, tests will need to
be performed in process conditions to observe the effects of high temperature and vacuum
levels on the control and verify the performance. The limited number of tests performed
during this work can be considered insufficient to fully validate the application. To ensure
the reliability of the valve control, more extensive tests should be conducted over an ex-

tended timeframe when the valve is integrated into a process.

To integrate the developed valve application into the existing motion control architecture of
the system, software development needs to be continued. Because a lot of the existing step-
per motor control software has a different implementation style, functionalities regarding
error handling, diagnostics, communications with higher level control, as well as valve com-
missioning protocol needs to be revised and incorporated into the controller software. The
software should be designed with modularity in mind to facilitate future adaptation into other

possible applications.
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Appendix 1. Valve test software

'[nitialization
#INIT
MO;

'Configure motion parameters
AC 24576;

DC 24576;

SP 8000;

TLA=5.75;

TKA=9.9;

IT 1;

FA 0;

FV 0;

'PID gains
KPA=39.51;
KDA=625.6;
KIA=0.62;
EN

'Define arrays for data recording
#FORMAT

DA*[0];

DM ret]1500],actual[1500];

RA ref]],actual[];

RD RPA, TPA;

EN

'Close/Seat valve
#CLOSE
SH;
JG -4000
BG
#loop
IF (@ABS[_TTAJ]>3);
AB 1;
ENDIF
IF (_ TPA<=600);
JG -100;
JP #SEAT;
ENDIF
JP #loop, ( BGA =1);

#SEAT
IF (@ABS[ _TTA]>3);
AB 1;

'Motor off for setup

'Acceleration

'Deceleration

'Speed

'Continous torque limit

'Peak torque limit

'Independent time smoothing function
'Acceleration feedforward

'"Velocity feedforward

'Set proportional gain
'Set derivative gain
'Set integral gain

'Deallocate all arrays
'Define arrays

'Specify arrays for recording
'Specify data sources

'Servo here (enable motor)
'Set jog speed for closing motor
'Begin motion

'If command voltage goes above 3 (torque detect)
'Stop motion instantly

'If position from defined 0 is less than 600 counts
'Set slower jog speed for final approach

'Jump to valve seating subprogram

'"Loop while motion in progress

'If command voltage goes above 3 (torque detect)
'Stop motion instantly



ENDIF
JP #SEAT, ( BGA =1);

MG "Valve seated"

MG "Final position:", TPA{F5.0}
MG "Final torque:", TTA{F1.4}
WT500;

DP 0;

EN

'Execute absolute move
#AM

ref pos=24000;
SH;

RC 4;

PA ref pos;
WT 100;

BG;

MC;

ST;

WT 500;

RC 0;

EN

'Loop while motion in progress

'Define closed position as zero

"Target position

'Servo here (enable motor)

'Begin recording

'Set target position

"Wait 100ms before starting motion
'Begin motion

"Wait for motion to complete

'Stop after motion complete
'Continue recording after motion
'Stop recording

'Position tracking following analogue signal

#PT

JG 0;

SH;

BG;

ATO;

#loop2

vp=anl1*4800;

ve=vp- TPA;

IF (@ABS[ve] <30)
ve=0

ENDIF

vel=ve*2;

IF (vel > 8000);
vel = 8000

ENDIF

IF (vel <-8000);
vel =-8000

ENDIF

JG vel

IF (@ABS[_TTA]>4);
AB 1;

ENDIF

AT 100;

'Enter jog mode

'Servo here (enable motor)
'Begin motion

'Set initial time reference

'Calculate position from analogue signal

'Calculate speed from position error
'Introduce a deadband of 30 encoder counts

'Set jog speed according to 2*position error
'Constrain speed to max 8000 jog speed

'Constrain speed to min -8000 jog speed

'Set jog speed accordingly
'If command voltage goes above 4 (torque detect)
'Stop motion instantly

'Wait 100ms from last time reference



JP #loop2;
EN

#filt

k1=2/256;

k2=254/256;

anl=@AN][1];

ATO;

#a
anl=(k1*@AN][1])+(k2*anl);
AT-1,1;

JP#a

EN

"Loop continously

'Set filtering coefficient

'Set filtering coefficient (k1+k2=1)
'Set initial value

'Set initial time reference

'Digital low-pass filter
'Wait 1 sample from last time reference (0,001s)



	1  Introduction
	1.1  Research background
	1.2  Research problem
	1.3  Research objectives

	2  The motorised valve
	2.1  Mechanical assembly
	2.2  Bellows-sealed valve
	2.3  Valve application
	2.4  Existing stepper motor control
	2.5  BLDC motor
	2.5.1  Structure and commutation
	2.5.2  Torque characteristics


	3  BLDC motor position control loop modelling and simulation
	3.1  Position control loop
	3.2  Controller tuning and validation by simulation
	3.2.1  Tuning goals and model basis
	3.2.2  Tuning PID-controller with setpoint overshoot method


	4  Implementation and testing
	4.1  Motorised valve assembly under test
	4.2  Point-to-point motion
	4.2.1  No-load motion tests
	4.2.2  Valve motion tests

	4.3  Position following analogue input

	5  Conclusions
	5.1  Future work

	References

