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ABSTRACT

Modelling, Simulation and Analysis of Low-Cost Direct Torque Control
of PMSM Using Hall-Effect Sensors. (December 2005)
Salih Baris Ozturk, B.S., Istanbul Technical University
Chair of Advisory Committee: Dr. Hamid A. Toliyat

This thesis focuses on the development of a novel Direct Torque Control (DTC)
scheme for permanent magnet (PM) synchronous motors (surface and interior types) in
the constant torque region with the help of cost-effective hall-effect sensors. This
method requires no DC-link sensing, which is a mandatory matter in the conventional
DTC drives, therefore it reduces the cost of a conventional DTC of a permanent magnet
(PM) synchronous motor and also removes common problems including; resistance
change effect, low speed and integration drift. Conventional DTC drives require at least
one DC-link voltage sensor (or two on the motor terminals) and two current sensors
because of the necessary estimation of position, speed, torque, and stator flux in the
stationary reference frame.

Unlike the conventional DTC drive, the proposed method uses the rotor reference
frame because the rotor position is provided by the three hall-effect sensors and does not
require expensive voltage sensors. Moreover, the proposed algorithm takes the
acceleration and deceleration of the motor and torque disturbances into account to
improve the speed and torque responses.

The basic theory of operation for the proposed topology is presented. A
mathematical model for the proposed DTC of the PMSM topology is developed. A
simulation program written in MATLAB/SIMULINK® is used to verify the basic
operation (performance) of the proposed topology. The mathematical model is capable
of simulating the steady-state, as well as dynamic response even under heavy load
conditions (e.g. transient load torque at ramp up). It is believed that the proposed system



offers a reliable and low-cost solution for the emerging market of DTC for PMSM
drives.

Finally the proposed drive, considering the constant torque region operation, is
applied to the agitation part of a laundry washing machine (operating in constant torque
region) for speed performance comparison with the current low-cost agitation cycle
speed control technique used by washing machine companies around the world.
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CHAPTER |

INTRODUCTION

1.1. Principles of DC Brush Motors and Their Problems

DC motors have been the most widespread choice for use in high performance
systems. The main reason for their popularity is the ability to control their torque and
flux easily and independently. In DC brush machines, the field excitation that provides
the magnetizing current is occasionally provided by an external source, in which case the
machine is said to be separately excited. In particular, the separately excited DC motor
has been used mainly for applications where there was a requirement for fast response
and four-quadrant operation with high performance near zero speed.

Generally in DC brush motors, flux is controlled by manipulating field winding
current and torque by changing the armature winding current. The trade-off is less
rugged motor construction, which requires frequent maintenance and an eventual
replacement of the brushes and commutators. It also precludes the use of a DC motor in
hazardous environments where sparking is not permitted. Moreover, there is a potential
drop called ‘contact potential difference’, associated with this arrangement, and is
usually in the range of 1-1.5 V, leading to a drop in the effective input voltage.

The well-known DC brush motor, like any other rotating machine, has a stator
and rotor (as shown in Fig. 1.1). On the stator (stationary part), there is a magnetic field
which can be provided either by permanent magnets or by excited field windings on the
stator poles. On the rotor, the main components are the armature winding, armature core,

a mechanical switch called commutator which rotates, and a rotor shaft. The commutator

This thesis follows the style and format of IEEE Transactions on Industry Applications.



segments are insulated from one another and from the clamp holding them. In addition to
that brushes, the stationary external components of the rotor, together with the
commutator act not only as rotary contacts between the coils of the rotating armature and
the stationary external circuit, but also as a switch to commutate the current to the
external DC circuit so that it remains unidirectional even though the individual coil

voltages are alternating.

Fig. 1.1. Basic model of a DC brush motor.

The maximum torque is produced when the magnetic field of the stator and the
rotor are perpendicular to each other (can be seen in Figs. 1.2 through 1.4,
hypothetically). The commutator makes it possible for the rotor and stator magnetic
fields to always be perpendicular. The commutation thus plays a very important part in
the operation of the DC brush motor. It causes the current through the loop to reverse at
the instant when unlike poles are facing each other. This causes a reversal in the polarity
of the field, changing attractive magnetic force into a repulsive one causing the loop to

continue to rotate.



When applying a voltage at the brushes, current flows through two of the coils.
This current interacts with the magnetic field of the permanent magnet and produces
torque. This torque causes to move. When the motor moves the brushes will switch to a
different coil automatically causing the rotor to turn further. If the voltage (armature) is
increased it will turn faster and if the magnetic field of permanent magnet is higher then
it will produce more torque.

Since the back-EMF generated in the coil is short-circuited by the brush, a large
current flows causing sparking at the interface of the commutator and the brushes, as
well as causing heating and the production of braking torque. In order to minimize this
problem, commutation is carried out in the magnetic field crossover region. Even after
taking these measures, because of the distortion of the effective magnetic flux due to the
armature reaction, some back-EMF is still generated in the coils in the magnetic filed
crossover region. It is desirable to minimize the crossover region in order to maximize
the utilization of the motor [1].

In general DC motors, the applied voltage (EMF) is never going to be greater
than back-EMF. The difference between the applied EMF (voltage) and back-EMF is
always such that current can flow in the conductor and produce motion.

Fundamental operation of the DC motor is explained from Figs. 1.2 through 1.4
as follows:

The direction of current flow from the DC voltage source in the figures is based
on electron theory in which current flows from the negative terminal of a source of
electricity to the positive terminal. On the contrary, the older convention supposes that
current flows from positive terminal of a source of electricity through to the negative
terminal [2].

The coil’s pole pair positioning, shown in the figures, is decided by using
Fleming’s left hand rule for generators. If a coil resides in a magnetic field and the
current and rotation of the coil are known, then direction of the magnetic field for the
coil can be found easily by using Fleming’s left hand rule. This rule states that if the

thumb and the first and middle fingers of the left hand are perpendicular to one another,



with the first and middle fingers pointing in the flux direction and the thumb pointing in
the direction of motion of the conductor, the middle finger will point in the direction in
which the current flows [2].

With the loop in Fig. 1.2, the current flowing through the coil makes the top of
the loop a north pole and the underside a south pole. This is found by applying the left-
hand rule under the assumption of the back-EMF (direction) is opposite of the direction

of current flow which is provided by DC voltage source [2].

Fig. 1.2. Fundamental operation of a DC brush motor (Step 1).

The magnetic poles of the loop will be repelled by the like poles and attracted by
the corresponding opposite poles of the field. The coil will therefore rotate clockwise,
attempting to bring the unlike poles together.

When the loop has rotated through 90 degrees, shown in Fig. 1.3, commutation
takes place, and the current through the loop reverses its direction. As a result, the
magnetic field generated by the loop is reversed. Now, like poles face each other which
means that they repel each other and the loop continues to rotate in an attempt to bring

unlike poles together [2].



Fig. 1.3. Fundamental operation of a DC brush motor (Step 2).

Fig. 1.4 shows the loop position after being rotated 180 degrees from Fig. 1.3.
Now the situation is the same as when the loop was back in the position shown in
Fig. 1.3. Commutation takes place once again, and the loop continues to rotate. In this
very basic DC brush motor example, two commutator segments used with one coil loop
for simplicity. Having a small number of commutator segments in DC brush motor
causes torque ripples. As the number of segments increases, the torque fluctuation
produced by commutation is greatly reduced. In a practical machine, for example, one
might have as many as 60 segments, and the variation of the load angle between stator
magnetic flux and rotor flux would only vary +3 degrees, with a fluctuation of less than

1 percent. Thus, the DC brush motor can produce a nearly constant torque [3].



Fig. 1.4. Fundamental operation of a DC brush motor (Step 3).

1.2. Mathematical Model of the DC Brush Motor

Fig. 1.5 depicts the electrical circuit model of a separately excited DC motor. The

field excitation is shown as a voltage, V, , which generates a field current, 1, , that flows
through a variable resistor (which permits adjustment of the field excitation,) R, , and
through the field coil, L,. The armature circuit, on the other hand, consists of a

back-emf, E,, an armature resistance, R,, and an armature voltage, V,.
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Fig. 1.5. Electrical circuit model of a separately excited DC brush motor
(transient-state).
In the motor mode, V,>E, , armature current, 1_, flows into the machine. Thus,

according to the circuit model of Fig. 1.6, the operation of a DC brush motor at

steady-state, considering the inductance terms as zero, is described by the following
equation:

V, =R, I, + E, (armature circuit at steady-state) (1.1)

\Y
|, = R—f (field circuit at steady-state) (1.2)

f
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Fig. 1.6. Electrical circuit model of a separately excited DC brush motor (steady-state).

The equations describing the dynamic behavior of a separately excited DC brush

motor, as its circuit model in Fig. 1.5 depicts, are as follows:

V, () =R, (t)+L, dlét(t) + E, (t) (Armature circuit at transient-state) (1.3)

Vi (t):RfIf(t)+Lf

di (t)
dt

(Field circuit at transient-state) (1.4)

The torque developed by the motor can be written as follows:

Ten (1) =T, + Buw, () +J (1.5)

dw, (1)
dt

In that equation, the total moment of inertia is represented by J such that the

motor is assumed to be rigidly connected to an inertial load. Friction losses in the load

are represented by a viscous friction coefficient by B, and load torque is represented by

T,, which is typically either constant or some function of speed, w, . Using these



conventions, the electromechanical (developed) torque of the DC brush motor can be
written as follows:

Since the electromechanical torque is related to the armature and field currents
by (1.6), (1.5) and (1.6) they are coupled to each other. This coupling may be expressed
as follows:

Ten () = kr ol (1) (1.6)

where k; is called the torque constant and is related to the geometry and magnetic

properties of the structure.
Rotation of the armature conductors in the field generated by field excitation

causes a back-EMF, E,, in a direction that opposes the rotation of the armature. This

back-EMF is given by the expression:
E, =k ¢w, (1.7)

where k, is called the armature constant which is related to the geometry and magnetic
properties of the structure (like k; does). The constants k, and k; in (1.6) and (1.7) are

related to geometry factors, such as the dimension of the rotor, the number of turns in the
armature winding, and the properties of materials, such as the permeability of the
magnetic materials.

The mechanical generated output power P, is given by:
Pm = meem = wkagbIa (1'8)

where w, is the mechanical speed in rad/s.

The electric power dissipated by the motor is given by the product of the

back-EMF and the armature current which is shown as follows:

P=EI (1.9)

e~ b a
The ideal energy-conversion case, P, = P,, k; will equal k,.

If the angular speed is denoted as rad/s, then k, can be expressed as:
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pN

k, =
27M

(1.10)

where p is the number of magnetic poles, N is the number of conductors per coil and
M is the number of parallel paths in armature winding.
Furthermore, (1.6) can be substituted into (1.5) which yields the following

equation:

kT¢Ia(t):TL+bwm(t)+Jw (1.12)

In the case of separately excited DC brush motors as shown in Fig. 1.6, the field
flux is established by a separate field excitation, therefore the flux equation can be

written as follows:
Nf
gb:?If:kflf (1.12)

where N, is the number of turns in the field coil, R is the reluctance of the field circuit

and I, isthe field current.

1.3. AC Motors and Their Trends

Unlike DC brush motors, AC motors such as Permanent Magnet AC motors
(PMSM, and BLDC motors), and Induction Motors (IM) are more rugged meaning that
they have lower weight and inertia than DC motors. The main advantage of AC motors
over DC motors is that they do not require an electrical connection between the
stationary and rotating parts of the motor. Therefore, they do not need any mechanical
commutator and brush, leading to the fact that they are maintenance free motors. They

also have higher efficiency than DC motors and a high overload capability.
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All of the advantages listed above label AC motors as being more robust, quite
cheaper, and less prone to failure at high speeds. Furthermore, they can work in
explosive or corrosive environments because they don’t produce sparks.

All the advantages outlined above show that AC motors are the perfect choice for
electrical to mechanical conversion. Usually mechanical energy is required not at a
constant speeds but variable speeds. Variable speed control for AC drives is not a trivial
matter. The only way of producing variable speeds AC drives is by supplying the motor
with a variable amplitude and frequency three phase source.

Variable frequency changes the motor speed because the rotor speed depends on
the speed of the stator magnetic field which rotates at the same frequency of the applied
voltage. For example, the higher the frequency of the applied voltage the higher the
speed. A variable voltage is required because as the motor impedance reduces at low
frequencies the current has to be limited by means of reducing the supply voltage [4].

Before the days of power electronics and advanced control techniques, such as
vector control and direct torque control AC motors have traditionally been unsuitable for
variable speed applications. This is due to the torque and flux within the motor being
coupled, which means that any change in one will affect the other.

In the early times, very limited speed control of induction motors was achieved
by switching the three-stator windings from delta connection to star connection,
allowing the voltage at the motor windings to be reduced. If a motor has more than three
stator windings, then pole changing is possible, but only allows for certain discrete
speeds. Moreover, a motor with several stator windings is more expensive than a
conventional three phase motor. This speed control method is costly and inefficient [5].

Another alternative way of speed control is achieved by using wound rotor
induction motor, where the rotor winding ends are connected to slip rings. This type of
motor however, negates the natural advantages of conventional induction motors and it
also introduces additional losses by connecting some impedance in series with the stator

windings of the induction motor. This results in very poor performance [5].
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At the time the above mentioned methods were being used for induction motor
speed control, DC brush motors were already being used for adjustable speed drives with
good speed and torque performance [5].

The goal was to achieve an adjustable speed drive with good speed
characteristics compared to the DC brush motor. Even after discovering of the AC
asynchronous motor, also named induction motor, in 1883 by Tesla, more than six
decades later of invention of DC brush motors, capability of adjustable speed drives for
induction motors is not as easy as DC brush motors.

Speed control for DC motors is easy to achieve. The speed is controlled by
applied voltage; e.g. the higher the voltage the higher the speed. Torque is controlled by
armature current; e.g. the higher the current the higher the torque. In addition, DC brush
motor drives are not only permitted four quadrant operations but also provided with wide
power ranges.

Recent advances in the development of fast semiconductor switches and cost-
effective DSPs and micro-processors have opened a new era for the adjustable speed
drive. These developments have helped the field of motor drives by shifting complicated
hardware control structures onto software based advanced control algorithms. The result
is a considerable improvement in cost while providing better performance of the overall
drive system. The emergence of effective control techniques such as vector and direct
torque control, via DSPs and microprocessors allow independent control of torque and
flux in an AC motor, resulting in achievement of linear torque characteristics resembling

those of DC motors.

1.4. Thesis Outline

This thesis is mainly organized as follows: First, the modeling and analysis of the
simple low-cost BLDC motor speed control on a laundry washing machine during the

agitation part of a washing cycle using Ansoft\SIMPLORER® is presented and compared
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with the experimental ones for verification of the simulation model. To accomplish this,
motor parameters are measured to be used in the simulation platforms without
considering the saturation and temperature effects on the measured parameters.

Second, open-loop, steady-state and transient MATLAB/SIMULINK® models
are built in the dg-axis rotor reference frame. Also, to verify the open-loop simulation
models, open-loop, steady-state and transient test-beds are built. Open-loop experimental
tests are conducted under no-load and load conditions using a three phase AC power
source and results are discussed.

Third, the theoretical basis behind the simple low-cost speed control of a BLDC
motor is explained and the steady-state simulation model is built in SIMPLORER® for
comparison with the experimental results.

Fourth, overall transient and steady-state speed control of the agitation cycle in a
laundry washing machine is modeled in SIMPLORER® and verified with the
experimental tests under no-load and load conditions.

As a final goal, the proposed direct torque control of the PMSM method is
developed in MATLAB/SIMULINK® using the rotor reference frame with the help of
cheap hall-effect sensors without using any DC-link voltage sensing. This method is then
applied to the agitation cycle of washing machine speed control system for the speed
performance comparison of both methods.

The suggested method over current techniques is tested under heavy transient
load conditions resembling real washing machine load characteristics. Possible
disadvantages that may be observed in the proposed method are also considered, such as
offset and the rotor flux linkage amplitude change effect which occurs when temperature
increases on the machine. Advantages of the proposed speed control over current

methods are discussed and the results are compared.
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CHAPTER I

BASIC OPERATIONAL PRINCIPLES OF PERMANENT MAGNET

SYNCHRONOUS AND BRUSHLESS DC MOTORS

2.1. Permanent Magnet Synchronous Motors (PMSMSs)

Recent availability of high energy-density permanent magnet (PM) materials at
competitive prices, continuing breakthroughs and reduction in cost of powerful fast
digital signal processors (DSPs) and micro-controllers combined with the remarkable
advances in semiconductor switches and modern control technologies have opened up
new possibilities for permanent magnet brushless motor drives in order to meet
competitive worldwide market demands [1].

The popularity of PMSMs comes from their desirable features [4]:

e  High efficiency

e  High torque to inertia ratio

e  High torque to inertia ratio

e  High torque to volume ratio

e  High air gap flux density

e  High power factor

e  High acceleration and deceleration rates
. Lower maintenance cost

e  Simplicity and ruggedness

e  Compact structure

e Linear response in the effective input voltage
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However, the higher initial cost, operating temperature limitations, and danger of
demagnetization mainly due to the presence of permanent magnets can be restrictive for
some applications.

In permanent magnet (PM) synchronous motors, permanent magnets are
mounted inside or outside of the rotor. Unlike DC brush motors, every brushless DC (so
called BLDC) and permanent magnet synchronous motor requires a “drive” to supply
commutated current. This is obtained by pulse width modulation of the DC bus using a
DC-to-AC inverter attached to the motor windings. The windings must be synchronized
with the rotor position by using position sensors or through sensorless position
estimation techniques. By energizing specific windings in the stator, based on the
position of the rotor, a rotating magnetic field is generated. In permanent magnet ac
motors with sinusoidal current excitation (so called PMSM), all the phases of the stator
windings carry current at any instant, but in permanent magnet AC motors with
quasi-square wave current excitation (BLDC), which will be discussed in more detail
later, only two of the three stator windings are energized in each commutation sequence
[1].

In both motors, currents are switched in a predetermined sequence and hence the
permanent magnets that provide a constant magnetic field on the rotor follow the
rotating stator magnetic field at a constant speed. This speed is dependent on the applied
frequency and pole number of the motor. Since the switching frequency is derived from
the rotor, the motor cannot lose its synchronism. The current is always switched before
the permanent magnets catch up, therefore the speed of the motor is directly proportional
to the current switching rate [5].

Recent developments in the area of semiconductor switches and cost-effective
DSPs and micro-processors have opened a new era for the adjustable speed motor
drives. Such advances in the motor related sub-areas have helped the field of motor
drives by replacing complicated hardware structures with software based control
algorithms. The result is considerable improvement in cost while providing better

performance of the overall drive system [6].
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Vector control techniques, including direct torque control incorporating fast
DSPs and micro-processors, have made the application of induction motor, synchronous
motor, recently developed PMSM, and BLDC motor drives possible for high
performance applications where traditionally only DC brush motor drives were applied.

In the past, such control techniques would have not been possible because of
complex hardware and software requirement to solve the sophisticated algorithms.
However with the recent advances in the field of power electronics, microprocessor, and
DSPs this phenomenon is solved.

Like DC brush motors, torque control in AC motors is achieved by controlling
the motor currents. However, unlike DC brush motor, in AC motors both the phase angle
and the modulus of the current has to be controlled, in other words the current vector
should be controlled. That is why the term “vector control” is used for AC motors. In
DC brush motors the field flux and armature MMF are coupled, whereas in AC motors
the rotor flux and the spatial angle of the armature MMF requires external control.
Without this type of control, the spatial angle between various fields in the AC motor
will vary with the load and cause unwanted oscillating dynamic response. With vector
control of AC motors, the torque and flux producing current components are decoupled
resembling a DC brush motor, the transient response characteristics are similar to those
of a separately excited DC motor, and the system will adapt to any load disturbances
and/or reference value variations as fast as a brushed-DC motor [4].

The primitive version of the PMAC motor is the wound-rotor synchronous motor
which has an electrically excited rotor winding which carries a DC current providing a
constant rotor flux. It also usually has a three-phase stator winding which is similar to
the stator of induction motors.

The synchronous motor is a constant-speed motor which always rotates at
synchronous speed depending on the frequency of the supply voltage and the number of
poles. The permanent magnet synchronous motor is a kind of synchronous motor if its
electrically excited field windings are replaced by permanent magnets which provide a

constant rotor magnetic field.
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The main advantages of using permanent magnets over field excitation circuit
used by conventional synchronous motors are given below [4]:

e  Elimination of slip-rings and extra DC voltage supply.

e  No rotor copper losses generated in the field windings of wound-field
synchronous motor.

e  Higher efficiency because of fewer losses.

e  Since there is no circuit creating heat on the rotor, cooling of the motor
just through the stator in which the copper and iron loses are observed is
more easily achieved.

e  Reduction of machine size because of high efficiency.

e Different size and different arrangements of permanent magnets on the
rotor will lead to have wide variety of machine characteristics.

PMAC motors have gained more popularity especially after the advent of high
performance rare-earth permanent magnets, like samarium cobalt and neodymium-boron
iron which surpass the conventional magnetic material in DC brush and induction
motors and are becoming more and more attractive for industrial applications.

The positive specific characteristics of PMAC motors explained above make
them highly attractive candidates for several classes of drive applications, such as in
servo-drives containing motors with a low to mid power range, robotic applications,
motion control system, aerospace actuators, low integral-hp industrial drives, fiber
spinning and so on. Also high power rating PMAC motors have been built, for example,
for ship propulsion drives up to 1 MW. Recently two major sectors of consumer market
are starting to pay more attention to the PM motor drive due to its features [7].

PMAC motors have many advantages over DC brush motors and induction
motors. Most of these are summarized as [1]:

e  High dynamic response

e  High efficiency providing reduction in machine size

e  Long operating life

e  Noiseless operation
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e  High power factor

e  High power to weight ratio; considered the best comparing to other
available electric motors

e  High torque to inertia ratio; providing quick acceleration and deceleration
for short time

e  High torque to volume ratio

e  High air-gap flux density

e  Higher speed ranges

e  Better speed versus torque characteristics

e  Lower maintenance cost

e  Simplicity and ruggedness

e  Compact design

e  Linear response

e  Controlled torque at zero speed

Compared to IMs, PMSMs have some advantages, such as higher efficiency in
steady-state, and operate constantly at synchronous speed. They do not have losses due
to the slip which occurs when the rotor rotates at a slightly slower speed than the stator
because the process of electromagnetic induction requires relative motion called “slip”
between the rotor conductors and the stator rotating field that is special to IM operation.
The slip makes the induction motor asynchronous, meaning that the rotor speed is no
longer exactly proportional to the supply frequency [1].

In IMs, stator current has both magnetizing and torque-producing currents. On
the other hand, in PMSMs there is no need to supply magnetizing current through the
stator for constant air-gap flux. Since the permanent magnet generates constant flux in
the rotor, only the stator current is needed for torque production. For the same output,
the PMSM will operate at a higher power factor and will be more efficient than the IM
[1].

Finally, since the magnetizing is provided from the rotor circuit by permanent

magnets instead of the stator, the motor can be built with a large air gap without losing
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performance. According to the above results, the PMSM has a higher efficiency, torque
to ampere rating, effective power factor and power density when compared with an IM.
Combining these factors, small PM synchronous motors are suitable for certain high
performance applications such as robotics and aerospace actuators in which there is a
need for high torque/inertia ratio [1].

Induction machine drives have been widely used in industry. Squirrel-cage
induction machines have become popular drive motors due to their simple, rugged
structure, ease of maintenance, and low cost. In pumps, fans, and general-purpose drive
systems, they have been a major choice. In servo applications, permanent magnet (PM)
machine drives are more popular due to their high output torque performance. They are
also actively used in high-speed applications, not only as motors/starters but also as
generators, as in the flywheel energy storage system (FEES), electric vehicle (EV), and
industrial turbo-generator system (ITG) [7].

The smaller the motor, the more preferable it is to use permanent magnet
synchronous motors. As motor size increases the cost of the magnetics increases as well
making large PMACs cost ineffective. There is no actual “breakpoint” under which
PMSMs outperform induction motors, but the 1-10 kW range is a good estimate of
where they do [8].

As compared with induction and conventional wound-rotor synchronous motors
(WRSM), PMSMs have certain advantages over both motors, including the fact that
there is no field winding on the rotor as compared to the WRSM, therefore there are no
attendant copper losses. Moreover, there is no circuit in the rotor but only in the stator
where heat can be removed more easily [1].

Compared with conventional WRSMs, elimination of the field coil, DC supply,
and slip rings result in a much simpler motor. In a PMSM, there is no field excitation
control. The control is provided by just stator excitation control. Field weakening is
possible by applying a negative direct axis current in the stator to oppose the rotor

magnet flux [1].
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Elimination of the need for separate field excitation results in smaller overall size
such that for the same field strength the diameter of a PMSM is considerably smaller

than its wound field counterpart, providing substantial savings in both size and weight.

2.1.1. Mathematical Model of PMSM

In a permanent magnet synchronous motor (PMSM) where the inductances vary
as a function of the rotor angle, the two-phase (d-q) equivalent circuit model is a perfect
solution to analyze the multiphase machines because of its simplicity and intuition.
Conventionally, a two-phase equivalent circuit model instead of complex three-phase
model has been used to analyze reluctance synchronous machines [9]. This theory is
now applied in the analysis of other types of motors including PM synchronous motors,
induction motors etc.

In this section, an equivalent two-phase circuit model of a three-phase PM
synchronous machine (interior and surface mount) is derived in order to clarify the
concept of the transformation (Park) and the relation between three-phase quantities and
their equivalent two-phase quantities.

Throughout the derivation of the two-phase (d-q) mathematical model of PMSM,
the following assumptions are made [6]:

e  Stator windings produce sinusoidal MMF distribution. Space harmonics
in the air-gap are neglected.

e  Air-gap reluctance has a constant component as well as a sinusoidal
varying component.

e  Balanced three-phase sinusoidal supply voltage is considered.

e  Eddy current and hysteresis effects are neglected.

e  Presence of damper windings is not considered; PM synchronous motors
used today rarely have that kind of configuration.

Comparing a primitive version of a PMSM with wound-rotor synchronous motor,

the stator of a PMSM has windings similar to those of the conventional wound-rotor
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synchronous motor which is generally three-phase, Y-connected, and sinusoidally
distributed. However, on the rotor side instead of the electrical-circuit seen in the

wound-rotor synchronous motor, constant rotor flux () ) provided by the permanent

magnet in/on the rotor should be considered in the d-q model of a PMSM.
The space vector form of the stator voltage equation in the stationary reference

frame is given as:

L . dX
V.=ri +— 2.1
S S’S dt ( )

— i

where, I, V,, I, and )\, are the resistance of the stator winding, complex space vectors

s g
of the three phase stator voltages, currents, and flux linkages, all expressed in the

stationary reference frame fixed to the stator, respectively. They are defined as:

T, = 2 (1, 0+ 2V 0+ 3, (O]
[ = 20,0 +al, 0+ 2,0) 22)

X =20+ 8\, 0+ 8 (0]

The resultant voltage, current, and flux linkage space vectors shown in (2.2) for
the stator are calculated by multiplying instantaneous phase values by the stator winding
orientations in which the stator reference axis for the a-phase is chosen to the direction
of maximum MMF. Reference axes for the b- and c- stator frames are chosen 120° and
240° (electrical degree) ahead of the a-axis, respectively. Fig. 2.1 illustrates a
conceptual cross-sectional view of a three-phase, two-pole surface PM synchronous

motor along with the two-phase d-q rotating reference frame.
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Fig. 2.1. Two-pole three phase surface mounted PMSM.

Symbols used in (2.2) are explained in detail below:

a, and a’are spatial operators for orientation of the stator windings; a =e'*"’?

2 jam/3
a‘=e!"",

V,,, Vg, and Vv, are the values of stator instantaneous phase voltages.

sa ?

I, » Iy, and iy are the values of stator instantaneous phase currents.

Aas Ag» and A are the stator flux linkages and are given by:

)‘sa = Laaia + I-abib + Lacic + )‘ra
/\sb = Labia + Lbbib + Lbcic +/\rb (23)
)‘sc = Lacia + Lbcib + Lccic + )‘rc

where

L., L,, and L are the self-inductances of the stator a-phase, b-phase, and

aa ?

c-phase respectively.
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L, ., L.,and L, arethe mutual inductances between the a- and b-phases, b- and

ab > “hc
c-phases, and a- and c-phases, respectively.

Aas Ay, and A are the flux linkages that change depending on the rotor angle

ra
established in the stator a, b, and ¢ phase windings, respectively, due to the presence of

the permanent magnet on the rotor. They are expressed as:

Aa = A, cosf
A = A, cos(0 —1207) 2.4)
Ae = A, cos(0+120°)

In (2.4), A\ represents the peak flux linkage due to the permanent magnet. It is
often referred to as the back-EMF constant, K, .

It can be seen in Fig. 2.1 that the direction of permanent magnet flux is chosen as
the d-axis, while the g-axis is 90° ahead of the d-axis. The symbol, 6, represents the
angle of the g-axis with respect to the a-axis.

Note that in the flux linkage equations, inductances are the functions of the rotor

angle,f . Self-inductance of the stator a-phase winding, L including leakage

aa ?

inductance and a- and b-phase mutual inductance, L, = L,,, have the form:
L. =L+ L, — L, cos(20)

2.5
Lab = Lba = _% L() - Lms 008(20_2?71') ( )

where

L. is the leakage inductance of the stator winding due to the armature leakage

Is
flux.

L, is the average inductance; due to the space fundamental air-gap flux;

1
LOZE(Lq+Ld)a
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L, is the inductance fluctuation (saliency); due to the rotor position dependent

on flux; L :%(Ld —L,)-

For mutual inductance, L, =L,,, in the above equation, a -(1/2) coefficient

appears due to the fact that stator phases are displaced by 120°, and cos(120°)=—1/2.

aa ?

Similar to that of L, but with 6 replaced by (9—2?) and (9—4?) , b-phase

and c-phase self-inductances, L, and L can also be obtained, respectively.

Also, a similar expression for L, and L, can be provided by replacing ¢ in
(2.5) with (0—2%) and (0—4%) , respectively.

All stator inductances are represented in matrix form below:

Lo+L—L cos20  —L—L cos20—-T) —L1L —L_cos20+m)
2 3 2 3
L — —% L~ Ly cos20=1) L+ L, L, cos2(0 —27”) —% L—L_ cos2(0—m) | (%0

—% L, — L, 0052(04—%) —% L, —L,cos2(0+m) Lg+L—L, cos2(9+2?7r)

It is evident from (2.6) that the elements of L are a function of the rotor angle

which varies with time at the rate of the speed of rotation of the rotor [10].

Under a three-phase balanced system with no rotor damping circuit and knowing
the flux linkages, stator currents, and resistances of the motor, the electrical three-phase
dynamic equation in terms of phase variables can be arranged in matrix form similar to

that of (2.1) written as:
] =[e]+ (M) @)

where,
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Vo] = [V Vi V]
] =i i i
r.]=diag[r, r, r.]

[As] = [)‘sa )‘sb )‘sc]t

2.8)

In (2.7), [VS] , [is] , and [AS] refer to the three-phase applied voltages, three-phase
stator currents, and three-phase stator flux linkages in matrix forms as shown in (2.8),

respectively. Furthermore, [rs] is the diagonal matrix in which under balanced
three-phase conditions, all phase resistances are equal to each other and represented as a
constant, I, = r,=I,=r,, not in matrix form.

The matrix representation of the flux linkages of the three-phase stator windings

can also be expressed with using equations (2.4), (2.6) and (2.8) as

A= i+ (A (2.9)
where, L is the stator inductance matrix varying with rotor angle.
[Ar] is the flux linkage matrix due to permanent magnet; [Ar] = [)\ra A Are ]t

As it was discussed before, L has time-dependent coefficients which present

computational difficulty when (2.1) is being used to solve for the phase quantities
directly. To obtain the phase currents from the flux linkages, the inverse of the
time-varying inductance matrix will have to be computed at every time step. The
computation of the inverse at every time step is time-consuming and could produce

numerical stability problems [10].
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Fig. 2.2. Q-axis leading d-axis and the rotor angle represented as 0, .

To remove the time-varying quantities in voltages, currents, flux linkages and
phase inductances, stator quantities are transformed to a d-q rotating reference frame.
This results in the voltages, currents, flux linkages, part of the flux linkages equation and
inductance equations having time-invariant coefficients. In the idealized machine, the
rotor windings are already along the q- and d-axes, only the stator winding quantities
need transformation from three-phase quantities to the two-phase d-q rotor rotating
reference frame quantities. To do so, Park’s Transformation is used to transform the
stator quantities of an AC machine onto a d-q reference frame that is fixed to the rotor,
with the positive d-axis aligned with the magnetic axis of the rotor which has a
permanent magnet in PMSMs. The positive g-axis is defined as leading the positive
d-axis by 7/2 in the original Park’s Transformation, as shown in Fig. 2.2. The original

Park’s Transformation equation is of the form:
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[ oo ] ={Taao 0] Fave (2.10)

where the d-q transformation matrix is defined as:

cos 0, cos(6, — 2?#) cos(6, + 2?%)
Tao (6] = % —sinf, —sin(f, —2?”) —sin(4, +2?7r) (2.11)
1 1 1
2 2 2

and its inverse is given by

cos 0, —sin 0, 1

[quo(@)]fl: COS(@—%T) —sin(ﬁr—z?ﬂ) 1 (2.12)

cos(6. —1—2%) —sin(6, —|—2?7T) 1

In Fig. 2.2, if the d-q axis is turned 7/2 radian degrees clock wise (CW), the q-d
transformation is obtained which is still considered a Park’s Transformation as shown in
Fig. 2.3. In the g-d transformation, the g-axis still leads the d-axis but angle
representation is changed such that now 6 is the rotor angle between the g-axis and
a-axis which is chosen as a 0° reference for simplicity. Q-d transformation is used to
analyze the self and mutual inductances because of the ease of calculation. 6, is
considered as the actual rotor position (generally it can be obtained by using an encoder
or similar position sensors) with respect to the a-axis which is used in the original Park’s
Transformation matrix, [quo(er)], but the angle depicted in Fig. 2.3, 6, which is
between the g-axis and a-axis in g-d transformation does not represent the real rotor
position. Therefore, the d-axis should be considered as a reference for measuring the real

rotor angle with respect to 0° position selected as the a-axis in general. Eventually, the
d- and g- axis synchronous inductances will be independent of the rotor position so that

either of the transformations will give the same result.
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Fig. 2.3. Q-axis leading d-axis and the rotor angle represented as 6 .
The Park’s Transformation which has a d-q reference is of the form:

[ quOJ = [quo(er)][ fabc] (213)

where f represents either a voltage, a current or a flux linkage; [fqdo] = [ fe> fas fo ]t ,

[fabc]:[faw fb’ fc]t .

The g-d transformation matrix is obtained as
2
cosf cos(f— 2%) cos(f + ?W)

[Ty (0)] = % sinf  sin(6— %”) sin(f + 2?”) (2.14)

1 1 1
2 2 2
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And the inverse of the above transformation matrix is given by

cosf sin 6 1

[quo(ﬁ)]_1 = C05(9—2%) sin(H—%W) 1 (2.15)

cos(0 + Z?W) sin(f + Z?W) 1

Basically, if the rotor position 6 is known, the above matrix transforms the
variables of the stator reference frame to the one fixed to the rotor as shown in (2.13).

The relationship between 6 and 6, can be expressed with the help of Figs. 2.2
and 2.3 as

9:9r+§ (2.16)

Equation (2.16) depicts that the actual rotor position, 6, , is 90° (electrical degree)
behind 6. If the g-d transformation matrix, [quo(e)] , 1s used as a transformation matrix,

the above description should be taken into account for deriving the q-d voltage equations

of a PMSM.

If 6. is known, the above formula can be substituted into the g-d transformation

matrix [quo(e)] with the help of some trigonometric reduction equations shown below:

cos(0, + z) = —sind,

2 2.17)
sin(6, +%) =cosf,
As a consequence of these manipulations, it has been observed that [quO(H)] and

[quo(er)] are basically the same, except for the ordering of the d and q variables. One

might say that [quo(ér)] is more useful if no additional modification is wanted for

assigning the actual rotor position, 6,, as shown in Fig. 2.1.
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Since L, 1s analyzed according to the q-d rotating reference frame, the

corresponding relationship between flux linkages, [Aqdo], the g-d axis currents, [iqdo],

and the time-invariant g-d axis inductances, [quo] , can be obtained by transforming only

the stator quantities, that is:
[Ags0] = [Teso O] L [Tega O] [ + [Toan ] [A,] (2.18)

where term [quo(é)] L, [quo(é)]flis the transformation matrix which transforms the

phase inductance matrix, L, into the g-d axis synchronous inductance matrix, [quo] CIf

the above description is applied to (2.18) then it can be shortened to:

[Aqdo]:[l‘qdouiqw] (2.19)

[Aqdo]:[Aq’ )‘di‘ Ao]t
Lo =[Lq Ly L] (2.20)

. oL Lt
liggo | =iq» s o)
After simplifying the right hand side of (2.18), the rotor angle,f,, independent
q-d axis flux linkages, )\q and ), , synchronous inductances, L, and L, and currents, iq

and i, are obtained as follows:

Aq :[Lls +%(L0 - Lms)]iq = Lqiq

3 . .
)‘d :[LIS+E(L0+Lms)]Id+>‘r:|—q|q+)‘r (221)
A = L, (zero in balanced systems)

where
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L, =L + Ly

(2.22)
Ld = Lls + Lmd

In equation (2.22), L, and L, are the common mutual inductances on the
d-axis and g-axis circuits, respectively. Traditionally, the sums, (L +L,,) and

(L +L,4), are referred as the g-axis and d-axis synchronous inductances, respectively.

Flux linkages in (2.20) can also be written as:

A

q

o] = A (2.23)
Ao

On the contrary, flux linkages using the original Park’s Transformation is differ

from the above representation, [Adqo]:[)\d, Ags )\O]t. The only difference between

[Aqdo] and [Adqo] is the order of A\, and A,. When A, and A, are known either [A

qdo]
or [Adqo] can be constructed easily. Once their components are known the transfer

between each flux linkage matrix is easy.

So that (2.18) could have been written also as follows:

(Do) = [Teao )] L [Taao @] [iao] +{Taao @] [, (2.24)

To collect the correct result out of the above equation, the rotor angle, ¢, in the

inductance matrix, L, should be in the form of 6, to be used in (2.24) by (2.16). After

computing the above formula, the stator d-q axis flux linkages, A, and A, will be the
same as provided by (2.18). Results of the derivation of d-q axis stator flux linkages are
given in (2.21).

The following part is the derivation of the d-q axis motor voltages of PMSM:
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Equations (2.7) and (2.14) are the starting point. First, the original d-q Park’s

Transformation [quo(ﬁr)] 1s applied to the stator quantities shown in (2.7). This is given

by:
[quo] = [quo(é’r)] [Vs]
[iqu] - [quo(gr)“is] (2.25)
[Adqo] = [quo(gr)“/\s]

where

[quo] = [vd, Vg Vo ]t (2.26)

When the three-phase system is symmetrical and the voltages form a balanced
three-phase set of abc sequences, the sum of the set is zero, hence the third components

of the d-q quantities in (2.25) are zero, e.g. V,= 0.

If (2.25) is substituted into (2.7), then the stator voltage equation is written in d-q
coordinates as:

Vara | = Teao O] 1 T O] [+ [Toao @] P T @] [ Ao 2.27)
where, p is the differential operation, p = % .

In a three-phase balanced system, all the phase resistances are equal,

I, =r,=r,=r,, such that the resistive drop term in the above equation reduces to

[quo(er)][rs][quo(er)rl [idqo] = rs [idqo] (228)
The second term having a derivative part in (2.27) can be expanded as:

T 0] [T @] [ =[Tao @[ P[Tap @] s+ e @] P ]}
(2.29)

Further manipulations lead us to:
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[quo(gr)] p [quo(gr)Tl [Adqo] = [quo(gr)] p [quo(gr)Tl [Adqo] + [quo(er)][quO(er)rl p [Adqo]
(2.30)

And finally,

hmwwpmw@ﬂ”MmkﬁmmaMphmww”WmJ+pMm] (2.31)

where, the term [quo(Hr)]( p [quo(er)]” ) is simplified as follows:

First, taking the derivative of (2.12), we get:

—sin6, —cosb, 0

ﬂ%@fmwﬂwr%)%mw%50 (2.32)

—sin(6, + 2?%) —cos(f, + Z?W) 0

: . . . do S
where, w, is the rotor angular speed in electrical radians/sec, w, = d_tr Multiplying

equations (2.11) and (2.32), we obtain:

O 2 Tll T12 0
o @] [T @] | =5 [T Ty 0 233
T31 T32 O

where the elements of the matrix are written and manipulated by using some

trigonometric reduction equations. The results are given below [1]:
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T,, =—cos0, sind, —cos(0, — 2?%) sin(6, — 2?7?) —cos(0, + 2%) sin(6, + 2?%) =0
3

27 27
T,=—cos’f —cos’(0. —=—)—cos’(f. +——)=—=
12 r ( r 3 ) ( r 3 ) 2

3

T,, =sin’ 6, +sin*(0, —Z?W) +sin*(6, +2?7T) =3

T,, =sin0, cos b, +sin(d, — Z?W) cos(0, — Z?W) +sin(0, + 2?7) cos(6, + Z?W) =0
1. . . 27
T, = —E{sm 0, +sin(0, — 27 /3) +sin(6, + T)} =0

T, = —%{cos 6, -+ 0s(6, ~ 1)+ cos(, +2§>} 0

(2.34)
Putting all the elements obtained in (2.34) into (2.33), we get:
0 _3 0
2
-1 213
[quo(ﬁr)](p[quo(ﬁr)] )zwg >0 0 (2.35)
0 0 0
More simplification leads us to:
0 -1 0
-1
[quo(ﬁr)](p[quo(ﬁr)] )zw 1 0 0 (2.36)
0O 0 0

Equations (2.31) and (2.36) yield the following result, written in expanded matrix

form:

vy Iy 0 —1 0]\ A

Vy| =T, iq +w. |l 0 0 )\q +p )\q (2.37)
v, i 0 0 O N

The above matrix can be arranged in equation form shown below:
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vy = I, —wr)\q + pA
=iy —w,L,i, + L, pi (2.38)

rq'g
=(r,+ L, p)iy —w, Lqiq

Similarly,

Vy =i, Hw Ay + PA,
= 1i, +w, Lyig +w A + L, Pi, (2.39)
= (L + L P, +w (L +A)

Equations (2.38) and (2.39) can be put together to form the famous d-q voltage

model for the PMSM in matrix form. This is given in below:

\ r,+L —Lw, |[i
P R Ll ) PO (2.40)
v, Liw,  r+L,pj|l, 1
To obtain the d-q reference frame electromechanical torque, T, and the
instantaneous input power P, are used. Details are as follows:
Total input power P, into the machine can be represented as
I:)in = Vsaisa +Vsbisb +Vscisc (241)

When the stator phase quantities are transformed to the rotor d-q reference frame that

rotates at a speed of w, =d6, /dt, (2.41) becomes:
P =3 (vi, +v,i 2.42
in_E(Vqlq—{_led) ( . )

where the zero sequence quantities are neglected. Using (2.42), the mechanical output

power P.

ot €an be obtained by replacing v, and v, with the associated speed voltages as

3 : .
szap%%h+%%h) (2.43)

(o]
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For a P-pole machine, w, =(P/2)w,,, where w,, is the mechanical rotor speed in

m?

radians/sec, produced electromechanical torque T, 1s derived when the output power

P.: is divided by the mechanical speed w,,,, which is given as:

m?

T zif(Adi ~ Xy )
22 q q
3 p (2.44)
_E(U"’ —Lyighs + g
It is apparent from the above equation that the produced torque is composed of
two distinct mechanisms. The first term corresponds to “reluctance torque” due to the

saliency (difference in the d-axis and g-axis reluctance or inductance), while the second

term corresponds to the “excitation torque” occurring between i, and the permanent

magnet A\ [10].

2.2. Introduction to Brushless DC (BLDC) Motors

Brushless DC (BLDC) motors contain most of the characteristics of PMAC
motors, explained in Section 2.1.1. They are generally designed as surface-mount motors
with concentrated windings on the stator. With the appropriate placement of the
permanent magnet on the rotor, a trapezoidal back-EMF shape is obtained.

As compared to a conventional DC brush motor, brushless DC (BLDC) motors
are DC brush motors turned inside out, so that the field is on the rotor and the armature
is on the stator. As explained before, field excitation of BLDC motor is provided by a
permanent magnet and commutation is achieved electronically instead of using
mechanical commutators and brushes.

One of the main characteristics of the BLDC motor is that it is a modified PMSM
such that the back-EMF is trapezoidal instead of being sinusoidal. To achieve smooth

torque production, quasi-square wave currents are applied to the stator phases when the
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corresponding back-EMFs have a flat constant portion (approximately 120 degrees like
the currents). The “commutation region” of the back-EMF of a BLDC motor should be
as small as possible. On the other hand, when driven by a Current Source Inverter that
region should not be extremely narrow making it difficult to commutate a phase of the
motor.

Each phase of a BLDC motor is energized by a digital controller in a sequence.
The energization is synchronized with the rotor position in order to produce constant
torque, therefore, it is important to know the rotor position in order to understand which
winding will be energized following the energizing sequence. One alternative way to
sense the position of the rotor is by using an optical position sensor. Optical position
sensors consist of phototransistors (sensitive to light), revolving shutters and a light
source. The output of an optical position sensor is usually a logic signal. This is
especially useful when unipolar switching is used to drive a BLDC motor [5].

The most common method of sensing in a BLDC motor is using hall-effect
position sensors. For a brushless DC (BLDC) motor with a trapezoidal back-EMF, it is
sufficient to get position information that is updated at each 60 degree electrical interval.
The position information is used then by the microcontroller/DSP to decide the
triggering of inverter switches. Generally, three hall-effect sensors are used for a three
phase motor, (they will be named as Hall-A, Hall-B, and Hall-C each with 120 degree
lag with respect to the previous sensor), to determine the position of the rotor magnetic
field.

Hall-effect sensors are generally embedded into the stator on the non-driving end
of the motor. According to the corresponding “Hall Effect Theory”, named after E.H.
Hall who discovered it in 1879, whenever the rotor magnetic poles pass near the
hall-effect sensors, a high or low signal will be generated indicating when the N (north)
or S (south) pole is passing near the sensors. In general, the North Pole signal
corresponds to “1” and the South Pole to “0” [11]. In motors not having a neutral
accessibility each hall-effect sensor output signal is synchronized with the

corresponding line-to-line back-EMF for alignment easiness. For example in Fig. 2.4
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Hall-A is aligned with E,, = E, —E, and so forth and so on. This means that the output

of each hall-effect sensor is actually leading the zero crossing of the corresponding phase

of each back-EMF by 30 electrical degrees.

E

ab &

ot

wt

L [ 1 [ o,

30 0 30 60 60 120 150 180 210 240 270 300 330 360 30 60 90 120 150 180 210 240

Fig. 2.4. Line-to-line back-EMF ( E,, ), phase back-EMFs, phase current waveforms and

hall-effect position sensor signals for a BLDC motor [3].
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For example, as illustrated in the digital output of Fig. 2.4, H, is leading E_ by

30 degrees. In motors that have neutral access, each of the hall-effect sensor signals can
represent the corresponding phase back-EMF. Alignment can then be easily achieved
since there is a neutral connection available to observe the phase back-EMF waveforms
to be used for the alignment process.

The motor that is used in this thesis, a 48 pole 36 slot PMSM, has that kind of
luxury such that its hall-effect signals are aligned with the corresponding phase
back-EMF voltages. Fig. 2.4 shows an example of the hall-effect sensor signals with
respect to the corresponding line-to-line back-EMF voltages and phase currents. For

example, to know the starting point of the phase A current, the digital output of H,
alone is not sufficient; additionally the falling edge signal of H_ is needed to trigger the

switch T1 (T6 is still on) [5].
As a consequence, when the hall-effect signals generate a logic of 71 0 07,

“H, H, H_”, respectively, T1 is turned on while T6 still conducts to energize the phase

A current shown in Fig. 2.4. By observation, the logic high of a hall-effect position
sensor is maintained for 180 electrical degrees. This can be a significant disadvantage,
since timers may have to be used in order to reduce the switching times to 120 electrical
degrees (two-thirds of the hall-effect position sensor output high of 180 electrical
degrees) [5].

2.2.1. Mathematical Model of BLDC Motor

In general, the analysis of a BLDC motor is conducted in phase variables due to
its non-sinusoidal back-EMF and current. Fig. 2.5 shows the equivalent circuit of a
BLDC motor and a power inverter. The analysis of the BLDC motor drive is based on

the following assumptions for simplification [6]:
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° The motor is not saturated,

e The motor windings have a constant resistance, self inductance, and
mutual inductance. The resistance and inductance of all phases are
identical,

e  All three phases have an identical back-EMF shape,

e  Power semiconductor devices in the inverter are ideal,

e Iron losses are negligible,

e  Eddy current and hysteresis effects are neglected.

I QO S G S G

——DC-Link
Capacitor

QD

o

TO4J TO6J TO2J

Fig. 2.5. Equivalent circuit of the BLDC drive (R, L and back-EMF) [3].

The model of a BLDC motor consisting of three phases, as shown in Fig. 2.5, is
explained by the following series of equations. Since there is no neutral used, the system
is wye connected, thus the sum of the three phase currents must add up to zero, i.e.

isa + isb + isc =0

245
isa + isb =—lg ( )

Under the above assumptions and referring to Fig. 2.5, a three-phase BLDC

motor mathematical model can be represented by the following equation in matrix form:
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Vsa ra 0 0 isa d Laa Lba Lca isa ea
Voo | = 0 Iy 0 isb "‘a Lab Lbb ch isb T 16 (2.46)
VSC 0 0 rC iSC Lac LbC LCC iSC eC

If the rotor has a surface-mounted design, which is generally the case for today’s
BLDC motors, there is no saliency such that the stator self inductances are independent

of the rotor position, hence:
L.=L,=L.=L (2.47)
Again with no saliency all mutual inductances will have the same form such that,
L,=L,=L.=L,=L,=L.=M (2.48)
Also, under balanced three-phase condition all the phase resistances are equal, such that:
L=r =r=r (2.49)

Equations (2.47-2.49) are substituted into (2.46), giving the following reduced matrix

form,
V| | 0 O}ig L M M g | e,
Ve =0 1, Olli,|+M L M|—|i,|+]e, (2.50)
v 0 0 rji M M L i

sC S SC sC c

Using the concept of (2.47), the inductance matrix above is simplified and the

resultant matrix form is given by:

V| |, 0 Olliy| |[L—M 0 0 ’ il e,
Ve =0 1, Ollig|+| O L-M 0 o Iy |+, (2.51)
V| |0 0 1 0 0 L-M .| |€

where the back-EMF waveforms €,, €, and e, are trapezoidal in nature and can be

represented by either Fourier Series or Laplace Transforms.
After rearranging the equations, the model of the BLDC motor depicted in
Fig. 2.5 is reduced to Fig. 2.6 which resembles (2.51).
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Fig. 2.6. Simplified equivalent circuit of the BLDC drive (R, (L-M) and back-EMF).

The electromechanical torque is expressed as

_ eaia + ebib + ecic .

Wn

T

em

where

is the phase-to-neutral back-EMF of phase A in volts,

e, 1s the phase-to-neutral back-EMF of phase B in volts,

e. is the phase-to-neutral back-EMF of phase C in volts,

i, is the stator current in phase A in ampere,

Iy, is the stator current in phase B in ampere,

i, is the stator current in phase C in ampere, and

w,, 1s the rotor angular velocity in mechanical radian/sec; w, = (P/2)w,,,
P is the number of poles,

w,, 1s the rotor angular velocity in electrical radian/sec.

The Laplace domain representation of the BLDC motor model will lead us to

construct the block diagram of the overall BLDC motor system easily. Since the

back-EMF waveforms are periodic, they can be represented by a periodic function [5].
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The voltage equation of a BLDC motor, which is the same as brush DC motor
model, can be depicted in the time domain by substituting (2.51) in (2.52) shown below:

di, (t)

V(t) = raia (t) + kewrm (t) + La dt

(2.52)

where
v(t) is the supply voltage (line-to-neutral) in volts,
I, is the armature current in ampere,
L, is the armature inductance; L, =L—M ,
K.w,,(t) is the line-to-neutral back-EMF, shown as E,
k. is the back-EMF constant in Vs/rad.
The Laplace form of (2.52) is given as:

V(s)—k\ 2.,

1 (s)=
2(®) r,+sL,

(2.53)

By using the following equations, the transient model of a BLDC motor can be
obtained as illustrated in Fig. 2.5.
If the current term is put aside in (2.52), we obtain

O VOt ) E®
dt L, L ° L

a a

(2.54)

where E(t) =K,w,, is the periodic back-EMF which is a function of the rotor angle.

The relation between the electrical power, P,, and the mechanical power, P, , is:

P=Ei =P =T, o (2.55)

e a m~— ‘em™rm

The electromechanical torque, T, , is linearly proportional to the armature current i, , i.e.

T, =ki, (2.56)

where k; is the torque constant. Equation (2.55) can then be substituted into (2.56)

yielding:
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(2.57)

such that for the ideal motor with no saturation, resistance, or voltage-drops in the

controller:

k= = Km (2.58)

@

rm r

Provided that k; and k, are in consistent units (such as Nm/A and Vs/rad ), it

can be seen from the derivations above that the ideal squarewave brushless DC (BLDC)
motor has the same basic energy-conversion equation as the DC commutator motor.

The motion equation is:

(2.59)

rm

Tem(t):TL(t)+Jd:—t”“+ Buw

where, T, J,and B stand for load torque, inertia and friction, respectively.

The motion equation can be expressed in Laplace form as:

_T _TL

em

Q,, = RS (2.60)

Equation (2.56) can also be expressed in Laplace form as:

AU Qe SLEY, (2.61)
r, +sL,
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2.3. Mechanical Structure of Permanent Magnet AC Motors

There are mainly two types of PMAC motor construction which are based on the
way magnets are mounted on the rotor and the shape of the back-EMF waveform that
was explained briefly above. In case where the magnets are mounted on the rotor
surface, the PMAC motor is called surface-mounted. If the magnets are buried inside the
rotor then it is called an interior-mounted motor. The back-EMF waveform can be either
sinusoidal or trapezoidal as expressed above. Detailed information about the PMAC

motor construction is as follows:

1) Surface-mounted PMAC Motor:

The typical design of this type of PMAC motor is shown in Fig. 2.7. Its name
implies that the magnets are placed on the surface of the rotor. Doing so makes the
mounting of the magnets on the rotor easier and less costly. Moreover, skewed poles can
be easily magnetized on the round rotor to minimize cogging torque. Since the magnets
are located on the rotor surface, the machine has a large effective air-gap, which makes
the effects of saliency negligible (thus the direct-axis magnetizing inductance is equal to
the quadrature-axis magnetizing inductance, L, =L, +L,).

Furthermore, because of the large air-gap, synchronous inductance

(L, =L, +L,) is small and therefore the effects of armature reaction are negligible. A

further consequence of the large air-gap is that the electrical time constant of the stator
winding is small. One problem with this type of design is that during high-speed
operation magnets can detach from the rotor [4].

There could be various shapes of magnets for surface-mounted PMAC motor.
Bar-shaped and circumferential segments with angles up to 90 degrees and thickness of a
few millimeters are available. Radially magnetized circumferential segments produce a

smoother air-gap flux density and less torque ripples [4].
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g-axis

d-axis

Fig. 2.7. Cross sectional view of four pole surface-mounted PM rotor (L, =L,).

2) Interior-mounted PMAC Motor:

The typical construction of this type of PMAC motor is shown in Fig. 2.8. Each
permanent magnet is mounted inside the rotor core rather than being bonded on the rotor
surface; the motor not only provides mechanically robust and rugged construction, but
also has possibility of increasing its torque capability. This type of PMAC motor can be
used for high-speed applications since the magnets are physically contained and
protected. By designing a rotor magnetic circuit such that the synchronous inductances
vary as a function of rotor angle, the reluctance torque can be produced in addition to the
excitation torque (which is the multiplication of g-axis current and the rotor flux linkage

due to permanent magnet) [4].
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The reluctance torque is generated by this kind of motor because each magnet is
buried and covered by a steel pole piece. This significantly changes the magnetic
behavior of the machine since, via these iron pole pieces, high-permeance paths are
created which are between two consecutive magnet poles as shown in Fig. 2.8. This path
is considered as the quadrature axis in which its inductance is higher than the inductance
measured through the direct axis (also shown in Fig 2.8). One can say that the g-axis is
leading the d-axis by 90 electrical degrees, thus there are saliency effects which
significantly alter the torque production mechanism of the machine [4].

As described in Section 2.1.1, in addition to the excitation there is a reluctance
torque which is due to the difference in the d- and g-axes inductances, the so called
saliency. This class of interior PM (IPM) synchronous motors can be considered as a
combination of the reluctance synchronous motor and the surfaced-mounted PM
synchronous motor. Currently, it is very popular in industrial and military applications
for providing high power density and high efficiency compared to other types of electric

motors [6].

g-axis

» d-axis

Fig. 2.8. Cross sectional view of four pole interior-mounted PM rotor (L, # L, ).
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Another classification for PMAC motors is based on the shape of the back-EMF
generated (either as trapezoidal or sinusoidal). These back-EMF waveforms can be
obtained by a generator test in which open-circuit voltages are induced in the stator
windings due to the permanent magnets which show the characteristics of the back-EMF
[6].

If the flux distribution and back-EMF shapes are trapezoidal then this type of
motor is called a brushless DC (BLDC) motor, whereas if the shape of back-EMF
waveform is sinusoidal then this is considered a PM synchronous motor (PMSM). More

details about these types of PMAC motors are discussed in below:

3) PMAC Motors with Sinusoidal Shape Back-EMF:

For the PMAC motor with a sinusoidal back-EMF, the so called PMSM, all three

stator phases are excited at one instant of time providing quasi-sinusoidal current flow
through the stator windings. Since all of the stator phases are excited simultaneously, the
torque per ampere ration is higher than PMAC motors with a trapezoidal shape
back-EMF.
In this type of PMAC motor, stator conductors are sinusoidally distributed for each
phase to achieve a sinusoidal current waveform. Also, permanent magnets are arranged
such that they generate a sinusoidal flux distribution in the air-gap. With the interaction
of sinusoidal current and sinusoidal flux, and because of the lack of a commutation
scheme like BLDC motors, ripple free torque is generated.

The commutation in PMSM motors is not going to be as harsh as the BLDC
motor which is fed by square wave currents. The condition in which a change of cycle of
square wave currents occurs, huge torque ripples are generated. On the other hand, for
the sinewave condition there is a smooth transition from one cycle to another.

The construction of this type of PMAC motor is more expensive than BLDC
motors. Additionally, PMSM drives use continuous motor position feedback to feed the

motor with sinusoidal voltage or current. Due to this reason, expensive position sensors
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(>100$) like the resolver or encoder are necessary, which increases the overall cost of
the motor drive system.

Unlike the BLDC trapezoidal shape back-EMF motors, the working principle of
a PMAC motor with a sinusoidal back-EMF is very similar to the AC synchronous

motor, therefore it can be analyzed with a phasor diagram.

4) PMAC Motors with Trapezoidal Shape Back-EMF:

The stator currents of a BLDC motor are quasi-square wave with 120
electrical-degree conduction periods. Magnetic flux distribution in the air-gap is
rectangular. When the phase currents are timed approximately with the constant part of
the back-EMF a constant torque is generated. These rectangular current-fed motors have
concentrated windings on the stator. Unlike the PMSM which needs continuous position
sensing, PMAC motors with trapezoidal shape back-EMFs (BLDC), require sensing
only at every 60 electrical-degree period for commutation of the phase currents. As a
result, six commutation points are required for one electrical cycle [6].

Basically, in each commutation point, the switching cycle is changed. By doing
so, there is no need to have a high resolution position sensor such as an absolute or
incremental encoder or resolver. In this case, a very simple and cheap (<1$) hall-effect
sensor would be appropriate enough. During these commutation intervals, however
torque ripples occur. Minimizing the torque ripples is an on-going research topic that is

not in the scope of this thesis.

2.4. Advantages and Disadvantages of PMAC Motors

The following are some of the most common advantages of PMAC motors over
other electric motors available on the market:
e  PMAC motors are high efficient motors. PMSM and BLDC motors, are

considered the most efficient of all electric motors. There is an absence of
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a rotor circuit, instead of which permanent magnets on the rotor are used
for the excitation (generating constant rotor magnetic field). These
magnets consume almost no power whatsoever, so copper losses are
negligible at the rotor level unlike AC induction and synchronous motors.
Also, the friction is lower and the durability is higher, since there are no
mechanical commutators and brushes to wear out. All of these
characteristics of PMAC motors put them into the top spot of the high
efficiency category [6].

Recent advances in high-energy density magnets, such as samarium
cobalt and Neodymium Iron Boron (NdFeB), have allowed achievement
of very high flux densities in the PMAC motors. These magnets provide
providing high torques and allow for the motors to be built smaller and
lighter [6].

One category of PMAC motors, BLDC motors, can be controlled with a
closed-loop system as simple that is as a DC brush motor because the
control variables are easily accessible and constant throughout the
operation of the motor. PMSM, on the other hand, has an open-loop
control capability unlike BLDC motors in which its closed-loop control is
not as easy as the BLDC motor, but is similar to the induction motors.
PMSM drives need advanced control techniques, such as vector control
and direct torque control, just like AC induction motors [6].

In PMAC motors, there is no rotor circuit available, reducing losses. The
only heat is produced on the stator, which is easier to cool than the rotor
because the stator is static and is located on the outer part of the motor
[6].

PMAC motors have low maintenance, great longevity and reliability.
Without brushes and mechanical commutators, regular maintenance is
greatly reduced and risks such as sparking in explosive or corrosive

environments like oil field etc are eliminated. The longevity of the motor
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is mainly based on the winding insulation and bearings (like other electric
motors), and the life-length of the magnet [6].

There is no noise generated with the commutation because it is achieved
electronically, not mechanically. The converter switching frequency is

high enough so that the noise created by the harmonics is not audible [6].

PMAC motors also have some inherent disadvantages just like any other

electrical machine. These are summarized in the following:

Magnet cost is the most important issue in PMAC motors. Rare-earth
magnets such as samarium-cobalt and neodymium boron iron are
especially costly. Neodymium boron iron is the most powerful, but is the
most expensive. If the initial cost is a major issue in applications where
PMSM motors would be used, then the cost of higher energy density
magnets prohibits their use in those kinds of applications [6].

Very large opposing magneto motive forces (MMF) and high temperature
can demagnetized the magnets. Although the critical demagnetization
force is different for each magnet material, extra caution must be taken to
cool the motor, especially if it is built compact [6].

For surface-mounted PMAC motors, high speed operation is limited or
not possible because the mechanical construction of the rotor. The rotor is
not suitable to handle huge centrifugal forces at high speed. The magnets
are adhered onto the rotor. This type of assembly is not strong and
compact enough not to hold the magnets under high speed circumstances.
On the other hand, interior-mounted PMAC motors have the capability to
run at high speeds with no problem on the rotor side because the magnets
are buried inside the rotor, but demagnetization still is an important factor
in those types of motors [6].

There is a limitation in the range of the constant power region, especially
for surface-mounted PMAC motors. In the constant power region, the so

called “flux weakening” region, the flux of the rotor is weakened to
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extend the speed torque curve as far as possible. Surface-mounted PMAC
motors have no saliency so that flux generation current does not appear in
the torque equation to weaken it. Interior-mounted PMAC motors have
the saliency effect causing the d-axis (direct axis) current to be weakened
which extends the speed versus torque curve and eventually the constant
power region (flux weakening region). PMAC motors with trapezoidal
shape back-EMFs (BLDC motor) are incapable of achieving a maximum
speed greater than twice the base speed [6].

Because there is a constant energy on the rotor due to the permanent
magnets, PMAC motors present a major risk in case of short circuit
failures in the inverter. If any short circuit happens in the inverter during
the operation of the motor, the rotor constantly induces an electromotive
force in the short-circuited windings causing a very large current to flow
through those windings. This produces large torque which tends to block
the rotor. For vehicle applications, the danger of blocking one or several

wheels of a vehicle is not acceptable [6].
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2.5. Torque Production Comparison of PMSM and BLDC Motors

The torque productions are for each motor compared in the following paragraphs,
assuming the same copper loss.

The BLDC motor has a high torque density in low and medium speeds but is not
suitable for extended high-speed operation because of its limited flux weakening
capability. Also, in BLDC operation with a rectangular current wave shape, torque
pulsation occurs at the 6™ harmonic of the fundamental frequency.

The flowing equations show the torque density difference between BLDC motors
and PMSMs in the constant torque region (the PMSM has superiority in the
flux-weakening region over the BLDC motor):

Assume | and |, are the peak values of the stator currents in the PMSM and

BLDC machines, respectively. The rms values of these currents are:

L,
N
1,32

=7

Equating the copper losses and substituting for the currents in terms of their peak

(2.62)

Iy,

(2.63)

currents gives:

3Isy2RS = 3IdzRS (2.64)
Therefore,
I, :g I s (2.65)

The ratio of output torque is obtained from these relationships as follows:

BLDC _Torque = (2xExxl,)/@

_ ~1.1547 (2.66)
PMSM _ Torque ( E IpSJ/w

3IX—2 X

V272
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The above result shows that the BLDC motor has approximately a 15.5% greater
torque compared to the PMSM in the constant torque region [12]. A PMAC with a
sinusoidal back-EMF (PMSM) can be operated as a BLDC. In ideal commutation, the
current is conducting 120 electrical degrees with its center aligned with the peak point of
the back-EMF, as shown in Fig. 2.9. On the other hand, a brushless DC motor can also
be operated as a PM synchronous motor as depicted in Fig. 2.10, but this type of control
creates more torque ripples. The motor used in this thesis, a 48 pole 36 slot exterior rotor
pancake type PMSM, generates a sinusoidal back-EMF.

In this thesis, the proposed method discussed regulates the motor speed using a
control scheme similar to typical BLDC motor control scheme without current regulation
with the help of three cost-effective hall-effect sensors. Since the motor is
surface-mounted and generates sinusoidal back-EMF, it is considered as surface-
mounted PMSM. Vector control techniques can be used so that a relatively ripple-free
average torque is obtained.

As a consequence, if the torque ripple is not a big deal, a simple trapezoidal
current control scheme (BLDC type), instead of a complicated sinusoidal current control
scheme (PMSM type), can be a simple, cost-effective and quite efficient solution for

washing machine speed control applications.
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Fig. 2.9. Ideal BLDC operation.
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Fig. 2.10. PMSM controlled as BLDC.

2.6. Control Principles of the BLDC Motor

Dl]i D3 ]i

D4]i D2 A

Fig. 2.11. Voltage Source Inverter (VSI) PMAC drive [13].
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Almost all home appliances operate on a single-phase input supply. Fig. 2.11
illustrates the circuit configuration of a widely used PMAC motor drive in low-cost
applications, such as washing machine control. This configuration is commonly used
today in both BLDC and PM synchronous motor (PMSM) drives. The only differences
between the drives are the control methods used and the choice of position sensing if no
sensorless technique is used. The BLDC motor drive which is represented in Fig. 2.12
consists of an uncontrolled diode rectifier converting single phase AC to DC, a DC-link
electromagnetic capacitor for energy storage, and a Voltage Source Inverter (VSI). The
DC-link energy is distributed using the part of VSI, made up of IGBTs or MOSFETs,
based on PWM scheme. That is why this type of drive is also called a “PWM inverter
PMAC motor drive.” [13]

There are various types of PWM techniques which can be used in AC motor
drives. The main goal is to reduce the harmonic content to a minimum and achieve the
best utilization of the DC bus. Also, an expensive EMI filter is inevitable at the input to
comply with various utility interface regulations. When a sensorless technique is not
used, one of the necessary components of a BLDC drive is a position sensor. Either a
hall-effect sensor or an optical shutter arrangement is used along with some sort of
microcontroller/microprocessor or Digital Signal Processor (DSP) to control the VSI.
Although snubbers are not shown, in practical applications they are necessary to protect

the switches from voltage spikes generated by switching [14].
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Fig. 2.12. Voltage Source Inverter (VSI) BLDC drive.
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A profile for each phase of the BLDC motor with respect to the corresponding
back-EMFs as a function of the rotor position is shown in Fig 2.4. At each rotor position,
the constant current multiplies with the constant part of the back-EMF to give torque;
hence the sum of the products of a phase back-EMF and the corresponding phase current
is constant such that this result produces constant torque which is represented in (2.52).
The desired current profile is achieved by supplying the BLDC motor from either a VSI
or a Current Source Inverter (CSI) which is not discussed here. When using a VSI, the
desired current profile is achieved by controlling the switching of the transistors [14]. At
any given time, only two of the six switches are conducting. This means that only two
phases are conducting at any instant and the third one is floating. In other words, as
current enters one of the three phases and leaves through the other and there is no current
flowing in the third phase. Having no current in the third phase helps in sensing the
back-EMF for a sensorless control of BLDC motor.

The convention of negative and positive current schemes represented in this
thesis is as follows the current entering any phase of a motor is assigned as a positive
sign, and the current that is leaving any phase of a motor is assigned as a negative sign.
Therefore, the upper switches of the inverter, namely, T1, T3 and TS5, carry a current
(flowing into the motor) which is assigned as a positive sign. The lower switches of the
inverter, namely, T2, T4 and T6, carry a negative current (flowing out from the motor).
In order to properly operate this motor, it is necessary to synchronize the phase currents
with the corresponding phase back-EMFs. This is achieved by the use of hall-effect
position sensors which detect the position of the rotor magnetic field, and hence the
position of the rotor shaft. In conclusion, a motor with synchronized switching produces
an average positive torque.

As seen in Fig. 2.4, each phase current conducts and turns off in a definite
sequence. For both the positive and negative cycles on the same phase there is 120
electrical degrees of conduction and 60 electrical degrees of turn off. The current
commutation from one phase to the other corresponding to a particular state of the

back-EMF is synchronized by the hall-effect sensors such that for every 60 electrical
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degrees of rotation one of the hall-effect sensors changes state. Given this, it takes six
steps to complete an electrical cycle. Basically, for every 60 electrical degrees, the phase
current switching should update.

One electrical cycle, however, may not correspond to a complete mechanical
revolution of the rotor. The number of electrical cycles to be repeated to complete a
mechanical rotation is determined by the rotor pole pairs. For each rotor pole pairs, one
electrical cycle must be completed. The number of electrical cycles/rotations is then
equal to the number of rotor pole pairs.

A typical closed-loop block diagram of a brushless DC (BLDC) motor drive
system with phase current control is shown in Fig. 2.13. Similar to DC brush motors,
BLDC motors with electronic commutation can operate from a DC voltage source and
the speed can be adjusted by varying supply voltages. Higher voltage means higher
speed. This can be achieved by rectification of a variable voltage transformer output or
by using a thyristor bridge in which the DC bus voltage is a function of the firing angle
of the thyristor bridge. Instead of varying supply voltage, variable speed operation can
also be realized from a constant bus voltage. Fig. 2.11 represents a typical configuration
of this phenomenon in which power semiconductor switches are used not only to
commutate but also to control the motor terminal voltage via the PWM (Pulse Width

Modulation) technique.
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Fig. 2.13. A typical current-controlled BLDC motor drive with position feedback [7].

PWM generates a fixed frequency (usually 2 kHz — 30 kHz) voltage pulse whose
on-time duration can be controlled. As a rule of thumb, the PWM frequency should be
at least 10 times that of the maximum frequency of the motor. When the duty cycle of
the PWM signal is varied within sequences, the average voltage supplied to the stator
changes, thus the motor speed will change. If the duty cycle is higher, the motor will turn
faster; if it is smaller the motor will slower. Another advantage of having PWM is that if
the DC bus voltage is much higher than the motor rated voltage, the motor can be
controlled by limiting the percentage of the PWM duty cycle corresponding to that of the
motors rated voltage. This adds flexibility to the controller to hook up motors with
different rated voltages can be connected to the drive and be utilized at the rated voltage

by controlling the PWM duty cycle [14].
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Since the brushless DC motor is highly inductive, the motor current produced
from the switched voltage will be almost identical to that of a fixed voltage source
whose magnitude is the average of the switched voltage waveform. Although PWM
control is now very popular in drives, variable bus voltage control is still used in some

applications where dynamic performance is not important [14].
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Fig. 2.14. Six possible switching sequences for a three-phase BLDC motor [15].

There are six possible switching modes in the inverter for a three-phase BLDC
motor, illustrated in Fig. 2.14. The power circuit of the electronic controller is a
switchmode circuit. The only means of controlling such a circuit is to control the timing

of the gate signals that turn the power transistors on and off.
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According to the quasi-squarewave current condition (120 electrical degrees) in
BLDC motors, only two inverter switches (one in the upper inverter bank and one in the
lower) are conducting at any instant, as shown in Fig.2.14. If the motor is connected in

wye, this means that the inverter input current, |,, is only flowing through two of the

three motor phases in series at all times. Only a single current sensor in the DC-link is

sufficient to accomplish the current regulation of the current, |;, which flows through

two phases. With the help of three hall-effect sensors, the position of all the three phase
currents can be known so that the proper switches are turned on/off using the PWM
current control mode through hysteresis current controllers [15].

For instance, when the currents (equal in magnitude) tend to exceed the
hysteresis band, both switches are turned off at the same instant to initiate current
feedback through the diodes. Finally, each phase current is regulated and synchronized

with the corresponding back-EMEF to achieve desired torque and speed characteristics.
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Fig. 2.15. PWM current regulation for BLDC motor [15].
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Current regulation for motoring action, using the inverter switches corresponding
to mode 1 (switches S1 and S6 are turned on) from Fig. 2.14, is shown in Fig. 2.15.

When switches S1 and S6 are turned on, current |, flows through phase A and B. For
this system, line-to-line inductance L, =2(L-M) and line-to-line back-EMF
E, =E,—E, are used (displayed in Fig. 2.15) instead of phase to neutral values.

Resistance drops are neglected.

When the applied source V, is bigger than the back-EMF voltage, E,, , current

ab >

flows through the motor when switches S1 and S6 are turned on; otherwise if V is less

than E_ , then current might flow from the motor. If one of the switches in Fig. 2.15 is

ab >
turned off (let’s say S6) then current decays due to the back-EMF and it flows through
diode D3 and switch S1 (loop II), short-circuiting the motor terminals. This is called
freewheeling. The amplitude of the phase current is regulated by controlling the duty
cycle of the switch S6 (chopping) such that Al is kept at a constant minimum value.

The simple BLDC drive is a current-regulated drive in which there is only one
current reference signal that is used for all six pairings of the transistors. As it can be
seen in Fig. 2.13, the current reference signal is derived from the speed error signal,
which represents the difference between the desired speed and the actual speed. The
control system for the BLDC motor shown in Fig. 2.13 has three hall-effect sensors for
position sensing along with three hysteresis current regulators. Its simple version is
explained above, for each phase, and the PI speed regulators are combined together to

form the fundamental speed control scheme of a three-phase BLDC motor [16].

2.7. Control Principle of the PM Synchronous Motor

In the three-phase PMSM control, more sophisticated control such as vector or
direct torque control techniques are required because all the three phases are conducting

at the same time unlike BLDC motor control. A sinewave drive generates less than 1%
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torque ripple as compared to a squarewave drive (BLDC drive), but this is only true
when both the back-EMF and phase current have sinusoidal waveforms. Because current
in each phase is a sinusoidal function of rotor position, separate PWM control for each

individual phase currents is required.

S

Phase A-axis

Fig. 2.16. Basic phasor diagram for PMSM [15].

Vector control, or field-oriented control, for all sinewave drives is fundamentally
based on the two-axis theory and the phasor diagram shown in Fig. 2.16. Vector control
is appropriate for sinewave motors in which torque is produced by the interaction of the
fundamental flux and the fundamental ampere-conductor distribution. There are several
different ways of creating a two-axis system but generally the method operates with the

d- and g- axis current phasor components, i, and i, which may be defined in a variety
of reference frames such as rotor or fixed to the stator. To determine i, and i, from the

instantaneous line currents, a reference frame transformation, such as Park’s
Transformation shown in Fig. 2.11, is used [15].
Referring to the instantaneous phasor diagram in Fig. 2.16, responsive current

regulation plus self-synchronization make it possible to place the instantaneous current

phasor |,

. anywhere within dq-axis rotor reference frame under the limitation of

maximum current and regulator saturation constraints. Independent control of the
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orthogonal current components i, and i, is the simplest known way to control the output

torque for PMSMs, shown in (2.44) [15].

Vector Current-regulated
d-q current rotator VSI
program . i *
Command o f d a o
» 1y » »

Torque

*
Tem i " T ( 9[' . \
q Ic Position
4 Sensor

~—
=
A
T

Y
—
Y
Y

Fig. 2.17. Basic block diagram for high-performance torque control for PMSM [15].

The baseline for implementing this type of high-performance torque control for
sinusoidal PMAC motors (PMSM) is shown in Fig. 2.17. An incoming torque command,
T, 7, is extracted into the d- and g-axis currents by using (2.44). These are shown as the

em 2

f, and fq function blocks in Fig. 2.17. These current commands, i, and iq, in the

dg-axis rotor reference frame are DC quantities for a constant torque command. To
apply sinewave currents to the motor, these quantities are then transformed into the

instantaneous sinusoidal current commands (1,,1,, and |.) for the individual stator

phases using the rotor angle feedback (6.) and the inverse reference frame

: . -1
transformation matrix [quo(ﬁr)] as in (2.12).
Commonly, the f, and f, functions map the torque command into the dg-axis
current component commands, i, and i , so that the maximum torque per ampere

operation is achieved providing maximized operating efficiency. There are two different
current phasor, i_, trajectories that lie in the synchronously rotating dq-axis:

1) Maximum torque-per-amp trajectory for non-salient (surface-mounted) PMSM

which is represented in Fig. 2.18.
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2) Maximum torque-per-amp trajectory for salient (interior-mounted) PMSM (so
called IPMSM) which is plotted in Fig. 2.19.

As it can be seen in Fig. 2.18, torque-per-amp in a non-salient PMAC machine is
maximized by setting i, to zero regardless of the torque value, so that the sinusoidal

phase currents are always exactly in phase (or 180 degrees out of phase) with the

sinusoidal back-EMF voltages.
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Fig. 2.18. Basic block diagram for high-performance torque control for PMSM [15].
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Fig. 2.19. Basic block diagram for high-performance torque control for PMSM [15].
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This phenomenon resembles the BLDC motor control that is described in
Section 2.11. The idea of creating a positive torque is by aligning the phase currents with
the corresponding back-EMF such as in surface-mounted PMSM control. As a
consequence, there is a similarity between surface-mounted PMSM control and BLDC
motor control. In contrast, the maximum torque-per-amp is achieved for salient PMAC

machines (interior-mounted PMSM) by changing both i, and i, by using the f; and f,

mapping functions obtained with respect to torque values [15].
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CHAPTER I

MEASUREMENT OF THE PM SPINDLE MOTOR PARAMETERS

3.1. Introduction

All instantaneous torque-controlled drives (vector drives, direct-torque-controlled
drives) use various machine parameters. Motor parameters must be considered carefully
in order to facilitate a proper simulation platform to resemble the real system. The main
objective of this chapter is to show how to measure the necessary motor parameters used
in the simulations. There are many techniques which can be used for the identification of
the PMSM parameters without direct measurement; the most useful one is called
self-commissioning with identification which will be discussed briefly in Section 3.5,
but this technique is not used in this thesis.

Temperature rise is a very difficult parameter to calculate unless the thermal time
constant has been measured. Under heavy load conditions temperature rises and all the
parameters that are measured change proportional to the temperature, however, in this
thesis temperature change effect will not be considered on the motor parameters in the
simulations.

Because the motor used in the thesis is a high torque, low speed, 48 pole, outer
rotor and inner stator PMSM and the operational speed of the agitation control is
between 0 and 100 rpm (which is less than the base speed (~150 rpm) of the motor). It is
assumed that the motor will not go through the field-weakening region where the
saturation effects on the dg-axis synchronous inductances must be taken into account. To
model the real motor in the simulations the following parameters should be measured:

e Resistance (R,) and phase inductance (L, : Phase A self-inductance)

e  Back-EMF constant (K, )
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3.2. Principles of Self-Commissioning with Identification

In many industrial applications, the AC machine and converter are sold by
separate manufacturers and the parameters of the AC machine are not known. Prior to
starting the variable-speed drive system, however, some machine parameters have to be
known. Although the name-plate of the machine can be used for this purpose, in many
applications this does not yield accurate information on the parameters required. In
general, extensive testing of the machine and tuning of the controller is required, but this
can be expensive and time-consuming and requires specially trained equipment (which
also increases the costs).

It is possible to obtain various machine parameters and to tune the controllers by
an automated process during a self-commissioning stage. It is important to note that
various modern industrial drives now incorporate self-commissioning techniques. For
example, in a permanent magnet synchronous machine the required electrical parameters
such as stator resistance and dq-axis synchronous inductances can be obtained from
on-line measurements of the stator currents and/or stator voltages when the machine is at
standstill while the inverter in the drive is utilized to generate the signals required for the
parameter estimation. [16]

In self-commissioning with identification, various test signals (step signals, ramp
signals, etc.) are applied to the machine and the responses are measured. It is also
possible to use the name-plate of the motor and other data to ensure that the machine
will not be destroyed during the tests. It is also a goal to use a minimum number of
sensors. Currents are always measured in every drive to ensure safe operation of
semiconductor switches, even when a sensorless technique is being used. However, it is
not desirable to use too many sensors. Additional voltage and/or speed sensors should be
avoided in self-commissioning systems [16].

There are basically two types of Self-commissioning with identification.

1) Off-line identification: Test signals are applied to the motor and the
response data is measured. This is used to identify the parameters.

However, it is a disadvantage that parameter variations are not considered,
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since these can only appear during the normal operation of the drive. When
this approach is used it is also a goal not to produce torque [16].

2) On-line identification: In this case, initial pre-computed controller
parameter values are required. Measurements are made during the
operation of the drive and motor and controller parameters are
continuously estimated, and the controller is continuously adapted. This

approach imposes high computation burdens [16].

3.3. Resistance and dg-axis Synchronous Inductance Measurements

The phase resistance of the motor is measured by a HP 4284A Precision LCR
Meter (20 Hz ~ 1 MHz) at two different frequencies (20 Hz and 400 Hz). This is because
when the frequency is increased resistance also increases due to the skin effect. Other
than the RLC meter, precision ohmmeters or multimeters can also be used for the
measurement of the phase resistance. For our purpose, an RCL meter will give more
accurate results than the rest of the methods because the test frequency can be adjusted
relative to our needs. Because the operation speed range of the tested motor is between 0
and 100 rpm (0 Hz to 40 Hz), the test frequency is set to 20 Hz in the RLC meter which
is equal to the average value of the speed range of agitating cycle. On the other hand, a
test conducted with the frequency 400 Hz in the phase resistance measurement is
conducted because it could be used in future high speed PMSM washing machine
applications. At high speed (high frequency) the resistance will change due to skin
effect.

In this thesis work, a dg-axis model (SIMPLORER® has a built-in model of
PMSM) of the motor in simulation platforms (MATLAB/SIMULINK® and
SIMPLORER®) is built because the tested motor generates a sinusoidal back-EMF. This
ensures that the dg-axis model is applicable even if the motor is supplied by squarewave

currents like a BLDC motor. Knowing the phase resistance, R, therefore is important in
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the dg-axis motor model. The wye connected motor has a neutral access, so the
measurement of the resistance is done between the phase and neutral point as shown in
Fig. 3.1. If the three-phase wye connected motor does not have a neutral access then the
only way of measuring the phase resistance is by measuring the line-to-line resistance,

R,., and dividing it by 2. Consequently, the line-to-line resistance, R, is two times the
phase resistance, R, when the motor is three-phase symmetrical.

Usually in three-phase motors, the windings are connected in wye fashion and
there is no neutral point to access. Therefore for those types of motors the inductance
measurement is conducted between two phases (line-to-line inductance) which is given

by

L, =L, +L,—2M, =2(L—M) 3.1)

where L, = Ly =L is the phase self-inductance, (Phase A and Phase B self inductances

are equal under the three-phase symmetrical system) and M, is the mutual inductance

between Phase A and Phase B.
In the above equation, the line-to-line inductance of Phase A and B is

represented. Under symmetrical systems, (L,= Ly,= L,=L and M, =M, =M, =M)

the above equation can be applicable to the other remaining phases and the resultant
line-to-line inductance for the corresponding two phases will be always be equal
to2(L—M).

In our case, the motor has a neutral access such that each phase inductance can
be measured between phase and neutral point by the HP 4284A Precision LCR Meter
(20 Hz ~ 1 MHz) at both 20 Hz and 400 Hz test frequencies. The test level is chosen as
1 V which is generally chosen as a common test level for motor inductance
measurements.

In sinewave PMSM drives generating sinusoidal back-EMFs, the parameters of

interest are the per-phase resistance, R, and the per-phase synchronous inductance, L,

(both of which are employed in constructing the phasor diagram which is the main tool
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for analyzing sinewave operation are necessary). Accordingly, the appropriate methods
for measuring synchronous inductance should be used. The synchronous inductance
incorporates the self and mutual inductances in a way that correctly represents their
effects with a sinewave drive [16].

As mentioned in the previous chapter, phase inductance is represented in (2.5). In
this case, the g-axis in dg-plane is chosen as a reference for the rotor position ¢ with
respect to the a-axis as shown in Fig. 2.3. This is done because deriving the phase
inductance is easier if the g-axis is taken as a reference for the rotor position, 6. In
general motor drives, the d-axis is the reference to represent the rotor position with
respect to the a-axis as shown in Fig. 2.2. If the rotor position, 6, is rewritten

incorporating the real rotor position, 6,, in (2.5), then new phase inductance when the

d-axis is chosen as a reference point for the rotor position, 6, , is obtained as:
L, =L, +L,+L,cos260, (H) (3.2)

The above equation demonstrates the self-inductance of Phase A. The only
difference between (3.2) and (2.5) is that the sign of L is now positive because the
dg-axis is turned 90 electrical degrees CCW, and 6, now represents the angle between

the d-axis and the a-axis (the a-axis is the 0 degree reference).
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g-axis

d-axis

Fig. 3.1. Vector phasor diagram for non-salient PMSM.

The synchronous inductance can be measured by several methods such as a
short-circuit generating test for non-salient machines and a lock-rotor test by using the
RLC meter as shown in Fig. 3.2. In this thesis the later one is used for simplicity because
the first method requies an additional motor that needs to be coupled so that generation
is possible. In the short-circuit generating test the motor is driven at a low speed with all
the phases shorted together. The current in one phase, or preferably in all three, is
measured. If a non-salient motor is wye connected in steady-state with balanced
sinusoidal phase currents, the operation can be represented by the phasor diagram shown

in Fig. 3.1, and then its voltage equation can be written as:
V=E+ (R, + jwL)l (3.3)
where V, E and | are represented in bold showing that they are vectors and rotate in

the dg-plane. w is the synchronous speed in rad/sec, V is the applied voltage phasor, E

is the back-EMF phasor and | is the current phasor. In a sinewave permanent magnet
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synchronous machine, the d-axis and q-axis synchronous inductances are equal;

Ls = L = L. The voltage, back-EMF and the current phasors are described below:

The terminal voltage phasor is given by

V =V, + Y, (3-4)
And the current phasor is:

I =14+ il (3.5)

The d-axis is chosen as the real, or reference axis. The open-circuit voltage
phasor, (the back-EMF phasor) is aligned with the g-axis in the phasor diagram since it
leads the flux-linkage by 90 electrical degrees. It can be written as:

E = JE,, = jw\ (3.6)

where )\ is the RMS phase flux-linkage due to the magnet.
The current 1, flows in the short-circuited motor which is equal to (3.7) when

V =0 and if the resistance is neglected in (3.3), then:

wlky =— (3.7)

where E is the value of the open-circuit voltage per phase at the same speed. Caution
should be taken during the short-circuit test because the short-circuit current may be
much larger than the rated current, and may be sufficient enough to partially
demagnetize the magnet. Also, short-circuit connection should not be applied suddenly
while the machine is running; first it should be connected while the machine is stationary
and then the machine should be brought to the desired test value slowly. The reason is
that a sudden short-circuit produces a higher transient current with DC-offsets that might
demagnetize the magnets [17].

The first method explained above is only applicable in the non-salient motors.
For salient motors, the short-circuit generation test will help to measure only the d-axis

synchronous inductance. Other tests should be conducted to get the g-axis inductance.
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Together it is a time-consuming and complicated method. The second technique used in
this thesis to measure the synchronous inductance is an easy solution as compared to the
first method which is explained below:

According to Fig. 3.2, self-resistance, R, and self-inductance, L, , are measured

sa 2
by the LCR meter for two different frequency levels (20 Hz and 400 Hz) as discussed
before. Because the self-inductance and mutual inductance are dependent of the rotor
position, the rotor dependent terms in (3.2) should be eliminated. To achieve this, the
rotor magnetic flux (d-axis) is aligned (locked) with the a-axis. The alignment is
obtained by applying a DC power supply between Phase A and the neutral access of the
motor which is also illustrated in Fig. 3.2. The above condition should be considered
when the motor has saliency, meaning that the d- and g- axis inductances are not equal
such that the self and mutual inductances are dependent on the rotor position. In our
case, the motor (non-salient = surface-mounted PMSM) has very little saliency so that
the saliency effect can be neglected. Actually, from the above conclusion, to measure the
d- and g-axis synchronous inductances for surface-mounted PMSMs there is no need to
align the magnet flux with the known reference axis (a-axis). The saliency effect

coefficient, L ., in the self and mutual inductance equations will be zero for non-salient

ms >

motors.

A-Phase

R

After aligning the rotor flux as

with Phase A using DC power

supply, LCR meter was used t
measure the self-inductance

and self-resistance of Phase A.

B-Phase C-Phase

Fig. 3.2. Measurement of phase resistance and inductance.
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When the rotor magnetic flux (d-axis) is aligned with the a-axis then 6, in (3.2)

becomes zero and the self-inductance of Phase A can be written as

L,=L,+L,+L, (3.8)

where L . is the dg-axis synchronous inductance variation. Since L = 5

surface-mounted motors and L are equal to zero, then in steady-state L, can be shorten

to:
Lsa = LO + Lms (39)
When L, = 0 then (3.9) can be reduced farther to:

L, =L

sa 0

(3.10)

From the simplified self-inductance above a relationship is found between the

d- and g-axis synchronous inductances. It is obtained as follows:

Lds = Lmd + Lls

(3.11)
qu = Lmq + Lls

where L, is chosen as zero under steady-state conditions and the d- and g-axis

synchronous inductances are equal to their corresponding magnetizing values L, and

L,y > respectively as shown below:
3
I‘md :E(LO+Lms):Lds (312)
3
LmqZE(LO_Lms):qu (3.13)

If L .=01splaced in (3.12) and (3.13), we obtain

=Ly =L =L ==L, (3.14)
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If (3.10) is substituted into (3.14), then the d-axis synchronous inductance

relationship with the a-axis self-inductance can be gathered as:

L, =L, —>1,=2L (3.15)

S s 3 9 sa

Self-resistance and self-inductance measurements of the 36 slot/48 pole spindle

motor at 20 Hz and 400 Hz are given in Table I below:

TABLEI
MEASUREMENTS OF SELF-RESISTANCE AND SELF-INDUCTANCE

) (ohm) @ 20 Hz (test level 1V)

mH @ 20 Hz (test level 1V)

R: 16285 Q

as

R.: 1631  Q
R,: 163345 €

CS

R : 16.30983 Q

savg20Hz

L.: 62.09 mH
L,,: 62.04 mH
L.: 61.10 mH

L :61.7433 mH

savg20Hz *

() (ohm) @ 400 Hz (test level 1V)

mH @ 400 Hz (test level 1V)

R.:21.11

R, : 212115

R.: 21.10
Regaoore : 21.1405 Q

L,: 61.72 mH
L,: 62.10 mH
L.: 61.86 mH

L :61.8933 mH

savg 400 Hz

As a result of the measurements of the three-phase self-resistances and
self-inductances of the tested motor, the following conclusions are obtained about the
average self-resistance and self-inductance of the motor to be used in simulation
platforms (MATLAB/SIMULINK" and SIMPLORER®™):

R : 16.30983 2 (chosen from 20 Hz test)

avg _self *

L : 61.8183 mH (chosen from average of 20 Hz and 400 Hz tests)

avg _self *
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The synchronous inductance of the motor is obtained using (3.13) and the above
average value of the self-inductance from above as:

L =L,=L =%Lsa :%61.8183:92.72745 mH

qs

Although using the LCR meter is an easy way to measure the line-to-line and
line-to-neutral (if the motor has a neutral access) inductances, LCR meters generally use
a test frequency on the order of 1 kHz with very low currents, so the measured
inductance may differ appreciably from the correct value which corresponds to a lower
frequency and much higher currents. A complete experimental analysis of the
inductances requires DC inductance measurements using, for example, the Prescot
bridge described by Jones [17], which can be modified to permit inductances to be
measured with varying levels of bias to demagnetizing stator MMF or quadrature-axis
stator MMF [17].

It is a good idea to take inductance measurements at several rotor positions.
Unless there are some problems with the magnets in the motor, there should be very
little inductance variation observed as the rotor rotates in a surface-mounted PMSM (our
test motor is a surface-mounted PMSM). On the other hand, interior-mounted PMSMs
have a saliency such that inductances vary greatly with the rotor position. When the
d-axis inductance is measured by a locked-rotor test in an interior-mounted PMSM the
g-axis synchronous inductance can be measured if the rotor is rotated 90 mechanical
degrees CCW or CW from the d-axis. The rotor could have been brought to the 90
degree electrical position when the a-axis is chosen as a reference, but if the motor is a
high pole motor such as our test motor, rotating the motor 90 electrical degrees from the
reference position is more difficult than rotating it 90 mechanical degrees.

To get the synchronous inductance of the tested motor more precisely another
method can be performed which does not eliminate the leakage inductance in the
calculations. This technique is applicable if the motor has a neutral access. In this thesis,

this method is not implemented, but the theory behind it will be explained in below:
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To find the leakage inductance, L,, a line-to-line inductance measurement

sl 2

should be performed corresponding equation is given by:
L, =L,+L,—2M_, (3.16)

where M, is the mutual inductance between Phase A and Phase B. If the system is
symmetrical then all the self-inductances are equal,(L, =Ly, =L, = L), therefore the

line-to-line inductance can be summarized as:
L, =2(L-M,) (3.17)

If the line-to-line inductance is measured between Phase A and Phase B and the
self-inductance measurement result, which is obtained from the previous experiment for

Phase A is placed into (3.17), then the mutual inductance, M, , between Phase A and

ab >

Phase B can be found easily.

Mab:—%LO—I—Lms cos 20, (3.18)

Because the dg-axes inductances are the same, the saliency coefficient for mutual
inductances will also be equal to zero and the final mutual inductance equation, without

the L, term, can be shown as:

Mab:—%LO (3.19)

The self-inductance of Phase A without the L term and including leakage

inductance is written as:
Lsa = le + LO (320)
Knowing M, and putting it in (3.19), L, is obtained. If L, is then substituted in

(3.20), then L, can be found because L, was known previously from the LCR meter

result which includes the leakage inductance effect also.
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If the d- and g-axis inductances, L, and L, in (3.12) and (3.13) are re-written

sq ?

including the known leakage inductance, then we obtain:

3

Lds:Lmd+LIs:E(L0+Lms)+Lls (321)
3

Lds = Lmq + I‘Is = E(LO - Lms)+ I-Is (3.22)

where all the components in the above equations are known so that the d- and g-axis

inductances, L, and L, can be precisely found.

sq

3.4. Measurement of the Back-EMF Constant (k,) and PM Flux Linkage ()

To calculate the rotor flux linkage, A, which is the line-to-neutral peak rotor flux
linkage amplitude value, first the back-EMF constant, k,, is measured. This done by the

generator test in which the tested motor is coupled to a DC motor and it is driven

through the shaft by the DC motor at a constant mechanical speed, w,,. The flux linkage
of the permanent magnet, A , and the peak value of back-