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Abstract

This thesis presents a model of a three phase star-connected brushless direct
current (bldc) motor. The construction and operation of both conventional
dc motors and bldc motors is presented and state-space models are derived
for each. Matlab® /Simulink® models are developed for each motor type and
their validity is verified. Torque-, speed- and position control is applied using
hysteresis band control, pwm control, and variable dc-link voltage control.
The different control strategies are tested on the bldc motor and their perfor-
mance evaluated. The frequency content of the dc-link current is investigated
for each control method and the impact of commutation delay and switch-
ing losses is discussed. Simulations show that all the control strategies work
quite well although each method has its drawbacks. The frequency spectrum
of the dc-link current shows that hysteresis band control may not be suitable
where load variations are large. The variable dc-link voltage method turns
out to be the best solution in applications where torque ripples and switching
losses must me minimized. Commutation delay is necessary in practice, but
the simulations show that it should be kept as short as possible because it
causes increased torque ripples.
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Chapter 1

Introduction

Conventional dc motors have many attractive properties such as high ef-
ficiency and linear torque-speed characteristics. The control of dc motors
is also simple and does not require complex hardware. However, the main
drawback of the dc motor is the need of periodic maintenance. The brushes
of the mechanical commutator eventually wear out and need to be replaced.
The mechanical commutator has other undesirable effects such as sparks,
acoustic noise and carbon particles coming from the brushes. Brushless dc
(bldc) motors can in many cases replace conventional dec motors. Such motor
replacement is studied in [1]. Despite the name, bldc motors are actually
a type of permanent magnet synchronous motors. They are driven by dc
voltage but current commutation is done by solid state switches. The com-
mutation instants are determined by the rotor position and the position of
the rotor is detected either by position sensors or by sensorless techniques.
Bldc motors have many advantages over conventional dc motors. A few of
these are [2]:

e Long operating life

e High dynamic response

e High efficiency

e Better speed vs. torque characteristics
e Noiseless operation

e Higher speed range

e Higher torque-weight ratio
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BLDC motors are available in many different power ratings, from very small
motors as used in hard disk drives to larger motors used in electric vehicles.
Three-phase motors are most common but two-phase motors are also found
in many applications.

The purpose of this report is to build a simple, accurate and fast running
Matlab® /Simulink® model of a three phase star-connected bldc motor and
compare the function of different control strategies. A simple approach to
current sensing and pwm current control of blde motors has been presented
in [3]. This method will be applied here using hysteresis band control, pwm
control and variable dc-link voltage control. Similar, but less extensive, work
has been done in [4] where a pwm torque controller was implemented. The
model presented here, takes that work one step further with the control
of torque, speed and position, using the three control strategies mentioned
above. Switching losses and the effects of commutation delay on torque
ripples are also treated.

Chapter 2 presents the construction and operation of a conventional dc
motor and derives a simple mathematical representation of it.

Chapter 3 presents the bldc motor, its construcion and operation and
derives a mathematical model to be used in a Matlab® /Simulink® imple-
mentation.

Chapter 4 presents a detailed description of the Matlab® /Simulink®
models. The models are tested and their characteristics presented.

Chapter 5 introduces hysteresis band control, pwm control and variable
dc-link voltage control. These methods are used in torque-, speed-, and
position control of the blde motor. The control methods are evaluated both
in time domain and frequency domain.

Chapter 6 presents the effect of losses in the voltage source and in the
inverter, and studies the effect of commutation delay.

Chapter 7 contains a summary of the report and discusses possible topics
for further work.



Chapter 2

DC Motors

This chapter describes typical construction and operation of a conventional dc
motor and derives a mathematical model that can be simulated efficiently in
Matlab® /Simulink®.

2.1 Construction

The dc motor has its armature on the rotor as shown in figure 2.1. The
stator has salient magnetic poles that are either made of permanent magnets
or special field windings. Current is fed to the rotor windings through brushes
that are in contact with copper strips located at the end of the rotor. These
copper strips, usually called commutator segments, are connected to the rotor
windings.

Figure 2.1: Cross section of a two pole dc motor [5]

As the rotor rotates, the brushes move from one segment to another which
commutates the current in such a way that the currents in the conductors
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under each pole flow in the same direction (from the stator point of view).
This is depicted in figures 2.1 and 2.2. The resulting force vectors that act
on the rotor windings are all tangential to the rotor periphery and they all
contribute to the torque.

Brush \

1
Commutator
segment =
/l:
—
Rotation Shaft
/ —

Insulator

Figure 2.2: Brushes and commutator segments of the dc motor [6]

2.2 Operation

As the name implies, the dc motor is fed from a dc voltage source. The speed
can be controlled by varying the applied voltage. This can be achieved by
having a variable voltage source or by using a variable resistor connected in
series with the armature. The latter method is simple but not very efficient
because of the power dissipated in the variable resistor. If the motor is not
of the permanent magnet type, the speed can also be varied by changing
the field current. Higher efficiency is achieved by using solid state converters
such as controlled rectifiers and choppers. Controlled rectifiers are used to
create a variable dc voltage. Figure 2.3 shows such arrangement. The voltage
is varied by changing the firing angle of the thyristors.

The chopper shown in figure 2.4 consists of an electronic switch that is
used to turn the motor on and off at a high rate. When the switch is turned
off, the diode provides a path for the inductive armature current. Figure 2.5
shows the turn-on signal and the current waveforms. The current rise and
fall lowers the current mean value but it also introduces undesirable current
ripple which is transferred to the electric torque. This method is typical for
drives in vehicles.
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Controlled
rectifiers
1P or 3P supply %
A
Control o
signal Firing
circuit

Figure 2.3: DC-motor operated with a variable dc voltage created directly

from an ac-grid [5]
= DC
| ! motor

Electronic
switch

<

Figure 2.4: DC-motor operated with a step-down chopper [5]

Iswitch

Iarmatu re ' Al

Switch igiode
turn-on I R
signal

t t

Figure 2.5: Turn-on signal and current waveforms in a step-down chopper 6]
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2.3 Mathematical Model

Figure 2.6 shows a simple dc motor circuit model. R and L are the armature
resistance and inductance respectively and e is the back-emf. The motor can
be described by the following two equations:

di
Vo=Ri+ L— 2.1
1+ dt+e (2.1)

dw,y,
Te = k:fwm + JW + TL. (22)

Here V; and 7 denote the dc-source voltage and the armature current, and
T¢, kf, J and Ty, denote the electrical torque, a friction constant, the rotor
inertia and a mechanical load.

L L R
—— N —VWW—
\T,S e=k.0,, '_)

o

Figure 2.6: DC-motor equivalent circuit [6]

The back-emf and the electrical torque can be written as

e = kewm (2.3)

Te = ktwm (24)

where k. and k; are the back-emf constant and the torque constant respec-
tively. For modelling purposes it is often convenient to derive a state-space
representation of the motor. Equations 2.1 and 2.2 are rewritten as

di Rk 1
dom k. kg 1
R ke g 2.
a g et (2:6)

and a matrix representation follows directly:
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i 7 —]% 0 i 1 0\ /v,
Wy | = & B oo || wa |+] 0 -1 <TL> (2.7)
0, 0 10)\ b 0 0
i 10 0 Z.
W 0 10
b, |~ 0 01 (“m) (28)
T. ko0 o)\ O

These equations will be used in the Matlab® /Simulink® model presented in
chapter 4.



Chapter 3
BLDC Motors

This chapter describes typical construction and operation of a bldc motor and de-
rives a mathematical model that can be simulated efficiently in Matlab® /Simulink®.

3.1 Construction

A bldc motor is a permanent magnet synchronous motor that uses position
detectors and an inverter to control the armature currents. The bldc motor
is sometimes referred to as an inside-out dc motor because its armature is in
the stator and the magnets are on the rotor and its operating characteristics
resemble those of a dc motor [5]. Instead of using a mechanical commutator as
in the conventional dc motor, the bldc motor employs electronic commutation
which makes it a virtually maintenance-free motor.

There are two main types of bldc motors: trapezoidal type and sinusoidal
type. In the trapezoidal motor the back-emf induced in the stator windings
has a trapezoidal shape and its phases must be supplied with quasi-square
currents for ripple-free torque operation. The sinusoidal motor on the other
hand has a sinusoidally shaped back-emf and requires sinusoidal phase cur-
rents for ripple-free torque operation. The shape of the back-emf is deter-
mined by the shape of the rotor magnets and the stator winding distribution.

The sinusoidal motor needs a high resolution position sensor because the
rotor position must be known at every time instant for optimal operation. It
also requires more complex software and hardware. The trapezoidal motor
is a more attractive alternative for most applications due to its simplicity,
lower price and higher efficiency [5]. The remaining part of this text discusses
trapezoidal bldc motors only.

Bldc motors exist in many different configurations but the three phase
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motor is the most common type due to its efficiency and low torque ripple.
This type of motor also offers a good compromise between precise control and
number of power electronic devices needed to control the stator currents [7].
Figure 3.1 shows a transverse section of a bldc motor. Position detection is
usually implemented using three Hall-effect sensors that detect the presence
of small magnets that are attached to the motor shaft.

Stator windings Rotor magnet N

Rotor magnet S

]

Driving end
of shaft

Hall sensors

Hall sensor magnets

Figure 3.1: BLDC motor transverse section |2]

3.2 Operation

The three phase bldc motor is operated in a two-phases-on fashion, i.e. the
two phases that produce the highest torque are energized while the third
phase is off. Which two phases are energized depends on the rotor position.
The signals from the position sensors produce a three digit number that
changes every 60° (electrical degrees) as shown in figure 3.2 (H1, H2, H3).
The figure also shows ideal current and back-emf waveforms.

Figure 3.3 shows a cross section of a three-phase star-connected motor
along with its phase energizing sequence. Each interval starts with the rotor
and stator field lines 120° apart and ends when they are 60° apart. Maximum
torque is reached when the field lines are perpendicular. Current commuta-
tion is done by a six-step inverter as shown in a simplified form in figure
3.4. The switches are shown as bipolar junction transistors but MOSFET
switches are more common. Table 3.1 shows the switching sequence, the
current direction and the position sensor signals.
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360° electrical

120°  180° 240° 300°

60°

Figure 3.2: Ideal back-emf’s, phase currents, and position sensor signals
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Figure 3.3: BLDC motor cross section and phase energizing sequence [8]

Ql Q3 Qs
DI D3 DS
N ey
Vo—/F/
Q2 Q4 Q6
D2 —\r}l’ D4 _\3 D6
Figure 3.4: Simplified bldc drive scheme
Table 3.1: Switching sequence
Switching Seq. Pos. sensors | Switch | Phase Current
interval number | H1 | H2 | H3 | closed | A | B C
0° — 60° 0 17010 |Q1 Q4|+ | - off
60° — 120° 1 1 110 |Q1 Q6|+ |off| -
120° — 180° 2 0 110 [Q3]Q6|off| + -
180° — 240° 3 0 1 1 1Q3[Q2| - | + | off
240° — 300° 4 0] 0|1 |Q5|Q2| - |offf +
300° — 360° 5 1710 ] 1 |Q5|Q4)|off| - +
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3.3 Mathematical Model

The three phase star connected bldc motor can be described by the following
four equations:

Vo = R(iq —ip) + L%(ia —ip) +€q — € (3.1)
Upe = R(ip—ic) + L%(ib — i)+ ep— e (3.2)
Vea = R(ic—14)+ L%(ic —ig) + e — € (3.3)
T, = kjwn,+ Jd(;—tm +Tr. (3.4)

The symbols v, 7 and e denote the phase-to-phase voltages, phase currents
and phase back-emf’s repectively, in the three phases a, b and c¢. The resis-
tance R and the inductance L. are per phase values and 7, and 7T} are the
electrical torque and the load torque. J is the rotor inertia, ks is a friction
constant and w,, is the rotor speed. The back-emf’s and the electrical torque
can be expressed as

k
€ = Eeme(Qe) (3.5)
ke 27
€y = Eme(Ge - g) (36)
ke 47
€. = Eme(Qe - ?) (37)
T, — %{F(@)z + F(Ge _ 2?”)% + F(He _ %ﬂ)@} (3.8)

respectively, where k. and k; are the back-emf constant and the torque con-
stant. The electrial angle 6, is equal to the rotor angle times the number of
pole pairs (0, = 56,,,). The function F'(-) gives the trapezoidal waveform of
the back-emf. One period of this function can be written as

1, 0<0. <=
1_2(96_2%) 2%§96<7T
5

1+ 80— ) T <h, <2

For a convenient implementation in Matlab® /Simulink®, equations 3.1 - 3.4
must be written in state-space form. These equations need to be modified
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to allow a state-space representation. Since each voltage equation is a lin-
ear combination of the other two voltage equations only two equations are
needed. By throwing away one equation and eliminating one variable using
the current relationship

by iy + i = 0.

the voltage equations become

d
Vab — R(ia - ib) + L£<ia - ib) + e, — € (310)
d
Vpe — R(ia + 221,) —+ La(la + 22(,) + €p — €. (311)

and the complete model is then

. R 2 1
Z; -7 Ig 0 0 1q 3L 3L O Vab — €a
Zé O _f 0 0 Zb —% i O @ @
/ = kf + 1 Upe — Epc
W, 0 0 —5 0 Win 0 0 3 T —T
o, 0 0 1 0 0, 0O 0 0 e 4L
(3.12)
ia 1 000 .
i 0 100 Z.“
ie |=| -1 =100 wb (3.13)
W 0 01 0 9’“
0,, 0 001 m

Machine models are often transformed to a rotating reference frame for sim-
plification and to improve computational efficiency. This approach is not
used here as it has been shown that when the supply voltage is not sinu-
soidal, such transformation will not improve computational efficiency [9].



Chapter 4
Matlab® /Simulink® Models

This chapter presents the Matlab® /Simulink® implementation of the dc motor
and the bldc motor described in chapters 2 and 3. The models have the same
parameters that are taken from the datasheet of a commercially available bldc
motor. This allows direct comparison of the two models. The bldc motor model
is tested and it is verified that it behaves according to the specifications given in
the motor’s datasheet.

4.1 The DC Motor

4.1.1 The model

The dc motor model shown in figure 4.1 is very simple. The dc motor block
contains a state-space block that solves equations 2.7 and 2.8. The input is
the dc source voltage V,; and the mechanical load 77,. The outputs are the
armature current, rotor speed, rotor angle and the electrical torque.

Vs —Pplv

DC source DC—motor
voltage

Figure 4.1: The dc motor model

All model constants are defined in the files constants.m and motorpar.m.
motorpar.m contains parameters of various bldc motors. Each motor type
has a number and a motor is selected by assigning the motor number to the

14
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variable motortype in constants.m. A simulation is started by running the file
main.m which runs constants.m, starts the simulation and at the end runs
the file plots.m which plots variables such as current, torque, speed, angle
ete.

The available motors are all bldc motors produced by Maxon Precision
Motors Inc. The parameters used here are shown in table 4.1 but the com-
plete datasheet is available from Maxon’s website [10]. The motor is quite
small as it is only 1.2 watts and weighs only 2.8 grams.

Table 4.1: BLDC motor parameters [10]

Motor Data Maxon EC 6 215550

Number of poles poles 2
Assigned power rating W 1.2
Nominal voltage \Y% 6.0
No load speed rpm 47130
Stall torque mNm 0.50
No load current mA 60
Terminal resistance phase to phase Ohm 12.50
Terminal inductance phase to phase mH 0.091
Torque constant mNm/A 1.05
Rotor inertia gem? 0.005
Friction constant (assumed value) Nm-s | 1.38-107%

4.1.2 Simulation

The simulations are done in Matlab® 6.5 (R13) and Simulink® 5.0 using the
default solver ode45. The simulation time is 0.1 seconds and a load torque of
0.23 mNm is applied at 0.05 seconds. Figure 4.2 shows the motor speed. A
correct value of the no-load speed is achieved by selecting a suitable value of
the friction constant k;. Otherwise, the no-load speed becomes a little too
high. Figure 4.3 shows the electrical torque. The stall torque is about 50
mNm which agrees well with the value in the table. Figures 4.4 and 4.5 show
the torque-speed plot and the armature current. All values are close to the
actual values in table 4.1.
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Figure 4.2: DC motor speed
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Figure 4.3: Electrical torque of the dc motor
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Figure 4.4: Torque-speed plot of the dc motor
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Figure 4.5: DC-link current
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4.2 The BLDC motor

4.2.1 The motor

Figure 4.6 shows the complete bldc drive Simulink® model. The core of
the bldec motor block is a state-space block that implements the state-space
matrix equation 3.12.

Position Firing Signals —— | Firing Signals

uab,ubcH uab,ubc Position
Control block Vs —P»| Vs
DC source Inverter block BLDC motor block
voltage

Figure 4.6: The bldc drive model

Figure 4.7 shows the contents of the bldc motor block. The state-space
block takes in the difference between the electrical torque and the mechan-
ical torque and two voltage signals from the inverter. The inverter voltages
are explained in detail in section 4.2.2. The trapezoidal functions and the
position signals are stored in lookup tables that change their output accord-
ing to the value of the electrical angle as shown in figure 4.8. The electrical
torque is calculated as shown in figure 4.9. The electrical position, repre-
sented as integer numbers 0-5, is fed to the control block which gives out the
firing signals to the inverter. As figure 4.7 shows, the back-emf’s and a signal
indicating if the phase currents are zero or non-zero, are sent from the motor
to the inverter through two Goto blocks. The reason why the inverter needs
these signals is explained in section 4.2.2.
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Figure 4.7: Contents of the bldc motor block
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Figure 4.8: Calculation of trapezoidal waveforms and position signals in Sub-
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i * jiabc
trapezabc
Dot Product

Load torque

Figure 4.9: Torque calculation in Subsystem1

4.2.2 The Inverter
Output Voltages without a Chopping Signal

The inverter is implemented as an s-function that takes in the value of the
dc-source voltage and the firing signals from the control block. The firing
signals include a chopping option, i.e. the current in the two energized phases
can be turned on and off anytime during the 60° interval. This feature will
be used for hysteresis- and pwm control. It will be shown below that the
output voltages of the inverter not only depend on the dc-source voltage and
the rotor position, but also on the value of the back emf’s and whether the
phase currents are zero or nonzero.

Figure 4.10 shows how the circuit in figure 3.4 looks like in each 60°
interval when the switches are fired according to the sequence in table 3.1.
The switches and the diodes are assumed to be ideal devices.

A phase current that is being turned off will flow through a freewheeling
diode while the current in the phase that is being turned on is rising from
zero. Which phase current is decaying and which one is rising depends on the
rotor position. The inverter s-function must not only supply one phase-to-
phase dc voltage at a time. It must also take care of the freewheeling diode
current and make sure that it can only flow in one direction. By looking at
the 0 — 60° interval in figure 4.10 it is clear that when the diode current is
nonzero, the phase-to-phase voltages are v,, = vs, vp = 0 and v,, = —V.
When the diode current has reached zero, the voltages vy, and v., will have
a different value which depends on the back emf’s. In practice these two
voltages are not important but since the motor state-space model requires
two voltages (vq and vy.), these two voltages must be known at all times.

The two circuit topologies in figure 4.10 have been redrawn in figure 4.11
where the phases are numbered 1,2 and 3. The back emf’s are shown here as
voltage sources eq, e and e3, and the voltage source vg43 acts as a diode.
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+
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+
240° - 300° 300° - 360°

Figure 4.10: Circuit configuration in each 60°
interval

Figure 4.11: The two circuit topologies from figure 4.10

When the diode current is nonzero, the value of v,3 is zero but when the
diode current has reached zero, vg3 must generate a voltage that forces the
current to remain at zero until the next interval starts. This value of vg3
can be found by inspection or by calculating 73 as a function of the voltage
sources, setting it equal to zero and solving for vg3. For the circuit in figure
4.11(a) the phase-to-phase voltages become
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v = Vi
13 7& 0= Vo3 = 0
vg1 = —Vj
v = Vs
13=0= Vo3 = %(—V; +e1+ex— 263)
V31 = %(_V; —e —éx+ 263)

and in figure 4.11(b) they are

vz = =V
13 7£ 0= Vo3 = 0
v = Vs
vig = =V
13=0= Vog = %(‘/;+61+€2—263)
V31 = %(‘/; — €1 — €9 + 263)

Note that the sum of the voltages is always zero and that the only difference
between the voltages of circuits (a) and (b) is the sign of V.

If the phase-to-phase voltages are to be supplied entirely by the inverter,
the inverter s-function must not only know when a diode current reaches zero,
it must also know the value of all three back-emf’s. As described in section
3.3 the two input voltages of the motor state-space model are the difference
between the phase-to-phase voltages and the corresponding phase-to-phase
back-emf’s. Since the inverter must use the back-emf values to calculate
its outputs it is not computationally efficient to add another combination
of back-emf’s inside the motor block. The inverter is therefore designed to
calculate and put out the state-space model input voltages instead of the
actual phase-to-phase voltages. The inverter output then becomes

ue = vip—(e1—e) =  Vi—ei+e
i3 #0 =14 Uz = Va3 — (e2—€3) = —eg +e3
uzr = vy —(e3—e) = —Vi—es+e
Uy = vip— (&1 —e) = Ve —er+e
i3 =0= ¢ Uy = vz — (e2—e3) = %(_V; +e1 —e)
usr = vy —(e3—e) = %(_Vs +e; —e)

for the circuit in figure 4.10(a), and
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i3 #0 =

13=0=

U2 =

U23
U3y

U2 =

U23
U3

23

vig— (61 —ey) = —Vi—e1+ey
V23 — (62 — 63) = —eg + €3
vgr — (e —e1) = Vi—es+e
vig— (61 —ex) = —Vi—er+e
vz — (€2 —e3) = 3(Vi+er —e)
vgr — (es —e1) = 5(Viter —ey)

for the circuit in figure 4.10(b). The inverter actually puts out only two volt-
ages but the equations of all three voltages must be known for the derivation
of the a,b,c voltages. Now that the voltages uqo, us3 and uz; have been de-
rived, the numbers 1,2,3 are replaced by a,b,c in the appropriate order. The
resulting inverter voltages are shown in table 4.2.

Table 4.2: Inverter output voltages

El Angle | Diode Current Vab — €ab Ube — €be

0° — 60° ZC%O V;—Ga‘f—@b _eb+ec
i.=0 V, —eq + e S(=Vi+e,—e)

o 1000 i # 0 —e, + € Vi —ey + e
607 = 120 ip =0 TVi—ete) | 2H(Vi—e,+e.)
o o ia 70 —Vi—eatep Vi—ep+ec
1207 = 180 i =0 {-Vitey—e)| Vi—e+eo

o o ic # 0 —Vi—eate —ep + €.
1807 = 240 i.=0 —Vs—eq+ e %(VS +e, —ep)
o o Zb#o _ea+€b _‘/:Q_eb—i_ec
2407 = 300 iy =0 s(Vi—este) | 2(=Vi—es+e)
o o ia # 0 Vi —eqs+ e —Vi—e,tee
3007 = 360 iq=0 Wite—e) | —Vi—e,+eo

Inverter Voltages with a Hard Chopping Signal

In hysteresis- and pwm control the current in the energized phases is turned
on and off, usually at a high rate. This is called chopping. Hard chopping
means that the upper and lower switch are driven by the same chopping
signal. Another way of chopping is soft chopping. In soft chopping, only the
upper switch is driven by the chopping signal and the lower switch is left on
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during the whole interval. The advantage of soft chopping is that it creates
less current ripple than the hard chopping technique and switching losses are
also lower. The disadvantage is that soft chopping requires more expensive
hardware [7].

Figure 4.12 shows the circuit configuration in each interval during hard
chopping. Now there are up to three diodes conducting at the same time.
Figure 4.13 shows the two circuit topologies that are used to calculate the
inverter voltages. The voltage sources vg; and vg3 act as diodes and the
inverter voltages are calculated as before, i.e. either by inspection or by
deriving equations for the two currents i; and 3, setting one of them or both
equal to zero and solving for the diode voltage sources. The resulting voltages
are shown in table 4.3.

A C C B
B A
AD2 D3 A D6 VD5 D2 V¥ D3
+V \Y
T s T s
0° - 60° 60° - 120°
B A A C
C B
A D4 D5 AD2 V¥ DI D4 V¥ D5

180° - 240°
B A
C
¥ D3 D6 ¥ DI

I

240° - 300° 300° - 360°

Figure 4.12: Circuit configuration during hard chopping
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Figure 4.13: The two circuit topologies from figure 4.12

Table 4.3: BLDC motor input voltages during hard chopping

El. Angle | Diode Current Vah — €ab Upe — €he
o #0,ic#0 | —Vi—es+ep Vi —ep+ee
. . o #0,ic =0 V., — e, + e (Vi + eq — e)
0% =60 ia=0,ic #0 | 3(=Vi+ep—e.) Vi—e +e
a s be 2 s b c s b c
ia=0,7.=0 0 0
te # 0,1y # 0 —Vi—e,+ e —ep + e,
600 . 1200 Z:c 7é 07 Z:b - 0 %(_V; — €q + ec) %1(_‘/3 — €4 + ec)
ic = 0,1, # 0 —Vi—eit e (Ve +ea —e)
1.=0,7, =0 0 0
ib%oaia#o —€q 1 €p _‘/s_eb'f'ec
. ol i #0ia=0 | L(V.+ep—e.) —Vi—ep + €.
1207 — 180 iy = 0,14 # 0 %2(—‘/;—ea+ec) (Vi —es+eo)
i, =0,i,=0 0 0
ia # 0,1 # 0 Vi—ea+ep —Vi—ete.
. ol i #0,i.=0 V, —eq + € L—Vi+eq —ep)
1807 — 240 io = 0,i. # 0 %(Vs—eb—i-ec) Z—VS—eb—i-ec
1o =0,2.=0 0 0
ic # 0,1y # 0 Vi—es+ep —ep + e
o e | G # 0 =0 | A(Vi—e,te) | L(Vi—eateo)
2407 = 300 i =0, # 0 2Vs—ea+eb %2(—‘/;4—6@—61))
i, =0,y =0 0 0
i # 0,1, #0 —eq, + € Vs —ep + e
° ° z’b#O,z’a:O 1(—Vs+eb—ec) Vs—eb—l—ec
3007 — 360 iy, = 0,1, 0 2%(\/3—ea+ec) %(Vs—ea—kec)
i, =0,i, =0 0 0

25
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Inverter Voltages with a Soft Chopping Signal

When soft chopping is applied, the circuit looks as shown in figure 4.14. The
inverter voltages are calculated as before, now using the two circuits in figure
4.15. The resulting voltages are shown in table 4.4.

A C C B
B A D3
D2 D6
D2 =
Vs 'I'
0°-60° 60° - 120°
B A A C
C B D5
D4 D2
D4
Vs "|'
120° - 180° 180° - 240°
C B B A
A C D1
D6 D4
D6 o
Vs "|'
240° - 300° 300° - 360°

Figure 4.14: Circuit configuration during soft chopping
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Figure 4.15: The two circuit topologies from figure 4.14

Table 4.4: BLDC motor input voltages during soft chopping

El. Angle | Diode Current Vah — €ab Upe — €he
tqa # 0,1, # 0 —eq + € —ep + €,
0° — 60° Z‘a 7é 07 Z‘c =0 ) €q 1+ € 2(611 61))
io =0,i. #0 s(er —ee) —ep + €.
1 =0,7.=0 0 0
ia%()?ib#o _Vs_ea_l'eb Vs_eb_l'ec
o o lq 7é 0,5, =0 %(_ea + ec) % —€q 1 6c>
60 120 iazo,ib%o %(—Vs—i-eb—ec) ‘/;—€b+ec
1o =0,i, =0 0 0
Z'b#o,ia?éo —eq + € —ep + €
o 1eno | 7 0,ig =0 %(eb—ec) —ep + e,
120 150 iy = 0,14 7& 0 %(_ea + ec) %(_ea + ec)
ip=0,1, =0 0 0
ib%oaic%o —€q t+ € _V9_€b+€c
o ono | W7 0,ic=0 —e, + e %(ea—eb)
1807 =240 ih=0ic#0 | 3(=Vi—eater) | 5(—Vi—es+e0)
1 =0,i.=0 0 0
te # 0,1y # 0 —eq + € —ep + e,
o o le # 07ib =0 %(_ea + ec) %(_ea + ec)
2407 = 300 ie = 0,7 #0 —e, + € %(ea —ep)
1.=0,7,=0 0 0
ie # 0,14 # 0 Vs —e, + e —ep + €
o o | ic#0,i, =0 %(eb—ec) —ep + e
3007 — 360 ie=0,ia #0 Vs —eq + 6 %(—%+ea—eb)
1.=0,7,=0 0 0

27
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4.2.3 Simulation

The parameters of the bldc motor model are the same as used in the dc motor
model (see table 4.1 page 15). The simulation time and the load torque time
and magnitude are also the same. The rotor speed is shown in figure 4.16.
The speed curve is identical to the dc motor speed curve. The electrical
torque is shown in figure 4.17. As the zoomed view displayed in figure 4.18
shows, the torque has deep but narrow notches.

x10*

Mech. speed (rpm)

L
0 0.05 0.1
t(s)

Figure 4.16: Rotor speed
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Figure 4.17: Electrical torque
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Figure 4.18: Zoomed view of the electrical torque
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A plot of torque vs. speed is shown in figure 4.19. The torque-speed charac-
teristics follow a straight line identical of the one of the dc motor with the
exception of the points where notches occur in the torque. The stall torque
is 0.50 mNm which is in accordance with the motor data.

0.6

0.5

0.4

0.2

0.1

0 0.5 1 1.5 2 25 3 3.5 4 45 5
Mech. speed (rpm) x10*

Figure 4.19: Torque-speed plot
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Figure 4.20: Phase currents



CHAPTER 4. MATLAB® /SIMULINK® MODELS 31

Figure 4.20 shows the phase currents. The current starts with a high
value and decays as the motor speeds up until it reaches the no-load current
which is about 60 mA which agrees with the value in table 4.1. The current
rises again when the load torque is applied and reaches a steady state value
of 250 mA. Figure 4.21 shows a zoomed view of the phase currents and
the back-emf’s after the load torque has been applied. The current has a
nearly perfect quasi-square wave shape. The only deviation from the quasi-
square wave shape occurs at the commutation points. The notches at the
commutation points occur because the rise of the current in the phase that
is being turned on is slower than the decay of the current in the phase that is
being turned off. The notches are the cause of the well known torque ripples
of bldc motors.

o
~

o
)
T

a

i, (A),0.2¢_ (V)
o

|
o
N

0.4 1 1 1 1 1 1 1 1 1
0.09 0.0905 0.091 0.0915 0.092 0.0925 0.093 0.0935 0.094 0.0945 0.095

.4
0.09 0.0905 0.091 0.0915 0.092 0.0925 0.093 0.0935 0.094 0.0945 0.095

-0.4 L 1 1 1 1 1 | | |
0.09 0.0905 0.091 0.0915 0.092 0.0925 0.093 0.0935 0.094 0.0945 0.095

t(s)

Figure 4.21: Zoomed view of phase currents (solid) and back-emf’s (dashed)

The model appears to be correct. The torque-speed relationship is linear and
the stall torque, the no-load speed and the no-load current all agree with the
values given in the motor’s datasheet.



Chapter 5

Control

In this chapter, three different control schemes are tested on the bldc motor.
The controlled variables are torque, speed and position. The chapter starts
with hysteresis band control followed by pulse width modulation (pwm) control
and variable dc-link voltage control. The different methods are tested and the
results discussed and compared. The frequency spectrum of the dc-link current
is calculated and the effect that the different control techniques have on it is
investigated.

5.1 Hysteresis Band Control

Hysteresis band control is one of the simplest closed-loop control schemes.
In hysteresis band control, the value of the controlled variable is forced to
stay within certain limits (hysteresis band) around a reference value. As an
example, to control motor speed, the motor is turned off if the speed reaches
a certain level above the reference speed and turned back on when the speed
falls below a certain level below the reference speed. The drawback of the
hysteresis band control technique are the high and uncontrolled switching
frequencies when a narrow hysteresis band is used and large ripples when
the hysteresis band is wider [11]. The uncertain switching frequency make
filtering of acoustic- and electromagnetic noise difficult [7]. The switching
method used here is the soft chopping method, i.e. only the upper switch is
turned on and off while the lower switch is left on. This method produces less
torque ripple and less switching losses than the hard chopping method. Only
torque control and speed control is implemented here. The reason is that
if position control were to be implemented in the same way as the torque-
and the position control, it would only be possible by constantly reversing
the rotor speed so that the rotor angle would stay withing the hysteresis

32
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band. This is not a practical solution and it would put high stress on both
mechanical parts and electronic devices.

5.1.1 Torque Control

In this control scheme, as in the ones presented below, only one current
controller is used. This strategy, suggested and presented in [3], is simple
and avoids difficult sensing of the dc-link current. A signal equivalent to the
dc-link current is synthesized from the measurement of two phase currents.
A necessary condition for the validity of this method is that the sum of the
phase currents is zero. This methods suits the bldc motor used here as it
is a three phase star-connected motor with an ungrounded neutral point. A
dc-link current reference value is derived from the reference torque using the
realationship

Te ref

ke
The hysteresis band control is easy to implement with a relay block as shown
in figure 5.1. The upper and the lower limits are the reference current plus
and minus half of the hysteresis band respectively. When the current reaches
the upper limit, the relay block puts out a high signal to the control block
which generates chopping signals for the inverter. When the current falls
below the lower limit, the output of the relay block is a low signal and the
control block stops the chopping operation of the inverter.

Les = (5.1)

P»| Position
Firing Signals P Firing Signals Positi
P»{ chop osition ——
g uab,ubc | uab,ubc
Control block Vs P Vs iabc ——
DC source Inverter block BLDC motor block
voltage
Idc
SIS 172 }4—@4— ul [«
Relay Gain Abs

Figure 5.1: Hysteresis torque control system

Figure 5.2 shows the electrical torque when the reference value is 0.2 mNm
and load torque equal to the reference value is applied at 0.05 s. Without
a torque controller, the electrical torque would reach 0.5 mNm at the start
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but it never goes above the upper limit of the hysteresis band. The width
of the hysteresis band here is 10% of the reference value. When the load
torque is applied, the electrical torque remains the same so the speed falls
down to zero as shown in figure 5.3. In this case the commutation ripples are
no longer a problem. The ripples produced by this control strategy have a
much larger impact, especially when the hysteresis band is wide. Figure 5.4
shows the phase currents.

0.25

Te (mNm)

0 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

t(s)

Figure 5.2: Electrical torque in hysteresis torque control exposed to a load-
step
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Figure 5.3: Rotor speed in hysteresis torque control exposed to a loadstep
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Figure 5.4: Phase currents in hysteresis torque control exposed to a loadstep
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5.1.2 Speed Control

Figure 5.5 shows the bldc motor with a hysteresis speed controller. The
principle is similar to the one in the torque control scheme described in the
previous section. Here the rotor speed is fed to the relay block. The upper
and the lower limits of the relay block are in this case the speed reference
value plus and minus half of the hysteresis band width respectively. The
width of the hysteresis band is now 1% of the reference speed.

The position signal could be used to calculate the rotor speed but the
actual rotor speed is used here directly since it is already available from the
state-space block. To calculate the position signal from the rotor speed and
then calculate the speed from the position signal would be an unnecessary
computational burden. I practice, when implementing speed- and position
control, high-resolution position sensors are used.

P{ Position
Firing Signals P{ Firing Signals Position
| chop uab,ubc | uab,ubc
Control block Vs —P{Vs wm ——
DC source Inverter block BLDC motor block
voltage
11/
—1— <
Relay

Figure 5.5: Hysteresis speed control system

Figure 5.6 shows the rotor speed when a load torque is appled at 0.01 s.
The reference speed is 20,000 rpm and the magnitude of the load is the
maximum continuous load allowed (0.23 mNm). As can be seen in the
figure, the frequency of the speed ripples increases after the load step. This
change of frequency will be investigated in section 5.4. The speed however,
stays within the hysteresis band around the reference value.

Figure 5.7 shows the electrical torque. The torque ripples are strong and
transiently go all the way down to zero torque. Before the load is applied,
the torque is only narrow spikes but when the load is applied, the nonzero
time of the period becomes larger than the zero time. The dc-link current
is not shown here but it is proportional to the electrical torque and has the
same frequency content. Figure 5.8 shows the phase currents.
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Figure 5.6: Rotor speed in hysteresis speed control exposed to a loadstep
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Figure 5.7: Electrial torque in hysteresis speed control exposed to a loadstep
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Figure 5.8: Phase currents in hysteresis speed control exposed to a loadstep
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5.2 PWM Control

In pwm control the motor is turned on and off at a high rate. The chopping
frequency is fixed but the length of the duty cycle depends on the control
error. The fact that the frequency is fixed makes filtering of acoustic- and
electromagnetic noise easier. The switching frequency is commonly 20-50
kHz and since the motors used here can operate at quite high speed, the
frequency is chosen as 50 kH z.

5.2.1 Torque Control

The current control strategy suggested in [3] was briefly described in section
5.1.1. Here the same current sensing method is used so that only one current
controller is needed. Figure 5.9 shows the control system. The phase currents
are converted to an equivalent dc-link current value. This value is subtracted
from a reference value calculated from the torque reference as in section 5.1.1.
The current error is fed to a current controller and the output of the controller
is compared to a triangular wave. The output of the comparator is a high or
low signal which serves as a chopping signal for the inverter.

Signal Abs1

Generator

Constant

Position

e Firing Signals | Firing Signals Position;
i Vs

: chop uab,ubc—P»{ uab,ubc
Iref step Relational Control block Vs Vs

Current controller Operator Inverter block BLDC motor block

DC source
voltage

Ide

1/2 lul [

Gain Abs

Figure 5.9: PWM torque control system

The current controller is a PI controller and its design is based on a current
controller for a dc motor presented in [6]. The design starts by selecting a
desired rise time t,. for the current. From that, a constant «., is determined
as

B In9
e

and the controller parameters follow as

(5.2)

Qe
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ki = OéeR.

The selected rise time is 0.1 ms which yields

k, = 2.00 - 10°

k; =2.75-10°

40

The controller also uses back-calculation to prevent integrator windup (see
[6]) and has a voltage saturation block that limits the demanded voltage
to £6 V so that the comparison with the triangular wave will give correct
results. Figure 5.10 shows the electrical torque. The reference torque and
the load step is still 0.2 mNm but the torque fluctuation is larger than in
the hysteresis control. The reason for this is that the electrical dynamics are
very fast compared with the switching frequency.
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Figure 5.10: Electrical torque in pwm torque control exposed to a loadstep

This can be seen by comparing the phase currents in figures 5.12 and 5.4.
The chopping notches go much deeper in the pwm scheme. A higher switch-
ing frequency will produce less variation in current and therefore smoother
torque. The rotor speed is shown in figure 5.11 and it follows the same curve
as the speed in the hysteresis control scheme.
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Figure 5.11: Rotor speed in pwm torque control exposed to a loadstep
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Figure 5.12: Phase currents in pwm torque control exposed to a loadstep



CHAPTER 5. CONTROL 42

5.2.2 Speed Control

The pwm speed control system is shown in figure 5.13. The current controller
is the same as before but a PI speed controller has been added. The speed
controller parameters are derived using similar reasoning as for the current
controller parameters in [6]. The parameters are calculated as

ky = au,J (5.5)

k‘i = Oéwkf (56)

and «,, depends on the desired rise time of the speed. Three values of «,, will
be tried here. The first value makes the speed control as fast as the current
control, the second makes it hundred times slower and the last values makes
it ten times slower.

Signal
Generator

Firing Signals
| choy uab,ubc|—P uab,ubc wm
Relational Control block Vs Vs iabc
Current controller
Operator DC source Inverter block BLDC motor block
voltage

wm step

controller

L {

Ide

1/2 Jul

Gain Abs

Figure 5.13: PWM speed control system

Setting «,, = a. gives the following parameters:

k,=1.10-10"°

k; =3.03-107*

The reference speed is 20,000 rpm as before. Figure 5.14 shows that these
control parameters produce a small overshoot in speed and there also appears
to be some steady state error. Figures 5.15 and 5.16 show the electrical torque
and the phase currents. The pwm duty cycle is 100% until the speed reaches
the reference value. The phase currents show that it takes only about one
rotor revolution to reach steady state.
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Figure 5.14: Rotor speed in pwm speed control at no load (a, = «.)
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Figure 5.15: Electrical torque in pwm speed control at no load (a,, = «)

Setting «, = 0.0l results in a much slower response as shown in figure
5.17. The controller parameters are now

k,=1.10-10"7
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0.5

j

Figure 5.16: Phase currents in pwm speed control at no load (o, = «.)

k; =3.03-107

There is no overshoot here but the steady state error remains. As figures
5.18 and 5.19 show, the pwm operation begins right at the start in order to
slow down the rise of the speed.

Using «,, = a is too fast and a, = 0.01a, is slow, so a, = 0.1a, is used
here as a compromise. The resulting control parameters are

k,=1.10-107°

k; =3.03-107°

Figure 5.20 shows that these parameters give better results. There appears
to be no overshoot but there is a small steady state error. Using a longer
simulation time reveals that there is a small overshoot and the steady state
error becomes smaller than the error seen in figure 5.20. Figures 5.21 and
5.22 show the electric torque and the phase currents respectively.

Figure 5.23 shows how the system reacts to a large load step of 0.23 mNm
which is the maximum continuous load that can be applied to the motor. The
speed drop is considerable.
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Figure 5.17: Rotor speed in pwm speed control at no load (a, = 0.01c,)

Figure 5.18: Electrial torque in pwm speed control at no load («,, = 0.01c.)
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pwm speed control at no load («, = 0.01c,)
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Figure 5.21: Electrical torque in pwm speed control at no load («,, = 0.1c,)

Figure 5.22:
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Phase currents in pwm speed control at no load (o, = 0.1a)
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Figure 5.23: Rotor speed in pwm speed control at maximum load step («, =
0.1c,)
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5.2.3 Position Control

The position controller is another PI controller as shown in figure 5.24. The
controller can not be very fast because if an overshoot occurs, the only way
to go closer down to the reference angle would be to reverse the rotor speed.
This bldec motor model does not support speed reversal. The controller is
therefore made slow to prevent an overshoot.

\\\\\\\\

iabe
BLDC motor block

Figure 5.24: PWM position control system

The controller parameters used here are obtained by using the trial and error
method. Using

k,=6.59 and k; =9.10-10"°

gives the good results. Figure 5.25 shows the rotor angle at no load operation.
The reference angle is 3600°. The error is only a fraction of a degree. Figure
5.26 shows the same thing when the maximum continuous load (0.23 mNm)
is applied at the start. The results are identical with practically zero error.
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Figure 5.25: Rotor angle in pwm position control at no load
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Figure 5.26: Rotor angle in pwm position control at maximum load
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5.3 Variable DC-Link Voltage Control

Using a variable dc voltage source to control the applied voltage can have
some advantages over the two methods previously discussed. A linear power
stage is cheaper than a pulsed power stage (pwm) but the losses can be high
at low voltage and high current [12|. However, at high speed, a linear power
stage can be the best alternative when switching losses and commutation
delay of a pulsed power stage become significant [13].

5.3.1 Torque Control

The torque controller used here is just like the one used for the pwm control
except that the output voltage is limited to 0-6 V. The PI constants are the
same and the reference torque is the same. Figure 5.27 shows the whole
system.

Position Firing Signals Firing Signals N Position
Iref uab,ubc| uab,ubc
“ Vs Control block »lvs de

>
Iref step
Current controller Inverter block BLDC motor block

Figure 5.27: Varible dc-link voltage torque control system

Figure 5.28 shows the electrical torque. Now the only irregularites in the
torque occur at the commutation instants. The ripples are quite large but
very narrow and not as frequent as the ripples in the hysteresis band and
pwm control schemes. Figures 5.29 and 5.30 show the rotor speed and the
phase currents respectively.
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Figure 5.28: Electrical torque in variable dc-link voltage torque control
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Figure 5.29: Rotor speed in variable dc-link voltage torque control
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Figure 5.30: Phase currents in variable dc-link voltage torque control
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5.3.2 Speed Control

The speed controller used here is the same controller that was used for the
pwm speed control. Figure 5.31 shows the whole system. The reference speed
is still 20,000 rpm and the same PI constants are used.

m—} wm ref Position Firing Signals Firing Signals Position

wm I ref Iref Control block o~ uab,ub uab,ubc wm f——
P Vs idc

urrent controller Inverter block BLDC motor block —‘

A 4

wm step

Speed
controller

o VY

Figure 5.31: Varible dc-link voltage, speed control system

The testing procedure here is the same as in section 5.2.2. The controller
is first made very fast which results in a small overshoot as shown in figure
5.32. Figures 5.33 and 5.34 show the electrical torque and the phase currents
respectively. It is interesting to note that the electrical torque becomes neg-
ative for a short time. This happens when the applied voltage becomes lower
than the phase-to-phase back-emf, and current starts to flow to the voltage
source through the freewheeling diodes.

Figures 5.35, 5.36 and 5.37 show the same curves when the controller is
made very slow (o, = 0.01c.). The results are the same as with the pwm
control except that the torque is much smoother.

Figures 5.38, 5.39 and 5.40 show the results when the controller is made
faster (a, = 0.lc). Again the results are similar to results in the pwm
control.

Figures 5.41 and 5.42 show how the controller reacts to a large load step
(maximum continuous load, 0.23 mNm). The decrease in speed is consider-
able as with the pwm controller.
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Figure 5.32: Rotor speed in variable dc-link voltage speed control control at

no load (o, = a)
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Figure 5.33: Electrical torque in variable dc-link voltage speed control at no

load (o, = )
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Figure 5.34: Phase currents in variable dc-link voltage speed control at no
load (a, = )
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Figure 5.35: Rotor speed in variable dc-link voltage speed control at no load
(o, = 0.01cv,)
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Figure 5.36: Electrical torque in variable dc-link voltage speed control at no
load (a, = 0.01a)
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Figure 5.37: Phase currents in variable dc-link voltage speed control at no
load (o, = 0.01c)
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Figure 5.38: Rotor speed in variable dc-link voltage speed control at no load
(o, = 0.1cx,)
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Figure 5.39: Electrical torque in variable dc-link voltage speed control at no
load (a, = 0.1cx,)
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i, (A)

Figure 5.40: Phase currents in variable dc-link voltage speed control at no
load (a, = 0.1cx,)
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Figure 5.41: Rotor speed in variable dc-link voltage speed control at maxi-
mum load step (o, = 0.1a.)
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Figure 5.42: Electrical torque in variable dc-link voltage speed control at
maximum load step (o, = 0.1a)
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5.3.3 Position Control

The position controller is the same as the one used in the pwm control, and
the reference angle is again 3600°. Figure 5.43 shows the whole system.

Firing Signals osition
uab,ubcH uab,ube

h
thetam step ve

idc!
Inverter block BLDC motor block

controller

Figure 5.43: Varible dc-link voltage position control system

The controller parameters are the same as before and figures 5.44 and 5.45
show the rotor angle at no load and at maximum load. The two curves are
identical, and the control error is negligible as in the pwm control part. The
same applies here as with the pwm control; if an overshoot occurs, there is
no way to correct the error, so a compromise must be made between fast
response and accuracy.
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Figure 5.44: Rotor angle in variable dc-link voltage position control at no
load
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Figure 5.45: Rotor angle in variable dc-link voltage position control at max-
imum load
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5.4 Frequency Analysis

5.4.1 Uncontrolled motor

The frequency spectrum of current is an important factor in all electric sys-
tems. Undesirable frequency content can create disturbances in other equip-
ment and losses in the motor. The current drawn by bldc motors is not a
perfect dc current. The current has narrow notches which are the cause of
torque ripples. There are six commutations per each electrical cycle so it is
easy to derive that the frequency of the commutation ripples is

P n
fcom - 5 : E (57)
where p is the number of poles and n is the rotor speed in rpm.

Figure 5.46 shows a zoomed view of the electrical torque at no load speed
(47,000 rpm approx.). The notches in the torque are narrow and their depth
is about 45% of the peak torque. The relative depth of the notches becomes
less as the load increases. Figure 5.47 shows that at maximum load the
notches reach about 30% of the peak torque.
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Figure 5.46: Zoomed view of the electrical torque at no load speed

The power spectrum of the dc-link current at no load speed is shown in figure
5.48. The fundamental frequency is around 4.7 kHz which agrees with the
value given by equation 5.7. The harmonics of the fundamental frequency
are quite strong as the figure shows.
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Figure 5.47: Zoomed view of the electrical torque at maximum load
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Figure 5.48: Power spectrum of the dc-link current at no-load speed
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5.4.2 Hysteresis control

Figures 5.49 and 5.50 show the dc-link current power spectrum at no load
and at maximum load respectively, while the speed is held constant at 20,000
rpm. Figure 5.49 shows that the fundamental frequency at no load is roughly
2 kHz. At maximum load the fundamental frequency becomes almost 4
kHz as shown in figure 5.50. The commutation notches are no longer the
main source of harmonics. The switching frequency of hysteresis controller
dominates the frequency spectrum.
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Figure 5.49: Power spectrum of the dc-link current in hysteresis speed control
at no load

The power spectrum shown in the figures shows clearly how the switching
frequency varies with varying load. This is the main drawback of hysteresis
control because it makes it difficult to filter out unwanted harmonics.
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Figure 5.50: Power spectrum of the dc-link current in hysteresis speed control
at maximum load

5.4.3 PWM

Figures 5.51 and 5.52 show the same power spectrum as the two previous
figures now using pwm control. The conditions are the same; no load, maxi-
mum load and constant speed. The figures show that the frequency content
is independent of load and that the fundamental frequency is the 50 kHz
pwm frequency. The other peaks are harmonics of that frequency. The fixed
frequency of the pwm technique is what makes it more popular than the
hysteresis band technique, as filtering becomes much easier.

5.4.4 Variable DC-Link Voltage

The varible dc-link voltage technique does not involve any current chopping
and it therefore only contains harmonics that depend directly on the rotor
speed. The current spectrum will look like the one in figure 5.48 with a
fundamental frequency defined by equation 5.7.
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Figure 5.51: Power spectrum of the dc-link current in pwm speed control at
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Figure 5.52: Power spectrum of the dc-link current in pwm speed control at
maximum load
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Turn-ON Delay and Losses

The inverter used in the simulations has so far been modelled as an ideal device
containing very fast lossless switches. In practice, things like resistive losses and
turn-off time must be taken into account. Semiconductor switches have some
resistance even when they are fully on which causes voltage drop and heating.
Even more power is dissipated during very short intervals when the switch is
going from non-conductive state to conductive state and vice versa. It is known
that semiconductor switches take more time to turn off than to turn on [8]. In
cases where the turn-on signal is being transferred from one switch to another
switch in the same leg, some measures must be taken to avoid shoot-through
(short circuit). This chapter briefly discusses the effects of turn-on delay and
on-state losses.

6.1 Turn-ON Delay

As mentioned above, turn-on delay of switches is necessary to prevent shoot-
through and to ensure smooth commutation. The turn-off time is specified
in the switches’ datasheets and a turn-on delay should be chosen accordingly.
The turn-on delay should be kept as short as possible as it can have negative
side effects as will be shown here. Figure 6.1 shows the three phase-currents
when a turn-on delay is applied at 0.03 s. Load torque is zero and the delay
time is about 1 ms which should be enough for most switches. The figure
shows that the commutation notches become deeper when the delay is ap-
plied. This results in greater torque ripples as shown in figure 6.2. The ripples
appear, of course, also in the dc-link current and increase the magnitude of
the switching frequency component in the current power spectrum.
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Figure 6.1: Phase currents. A 1 ms turn-on delay is applied at 0.03 s
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Figure 6.2: Electrial torque. 1 ms turn-on delay is applied at 0.03 s
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6.2 ON-state Losses

Figure 6.3 shows the rotor speed when maximum load step is applied at 0.05
s. The on-resistance of each switch is 2 ) giving a total of 4 2. Comparing
figures 6.3 and 6.4 with figures 4.16 and 4.17 (pages 28 and 29) reveals that
the switch resistance causes both lower speed and lower torque. This is not
surprising since the motor terminal voltage becomes lower. Figure 6.5 shows
the power dissipated in the switches.
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0 Il Il Il Il Il Il Il Il Il
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Figure 6.3: Rotor speed when on-state resistance of switches is 2 Q2

PWM and hysteresis control introduce more losses since they involve high
frequent switching. The switching frequency in hysteresis control can vary
alot but if load torque is constant, the frequency can be tuned by selecting
a suitable tolerance band. The pwm switching frequency can however be
chosen explicitly. Too high a frequency causes excessive losses but too low a
frequency will make the motor currents become a series of high pulses instead
of continuous varying current. A compromise must be made and the optimal
frequency will depend on the characteristics of the motor and the switches

[8].
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Figure 6.4: Electrical torque when on-state resistance of switches is 2 ()

0.7

0.5 b

021

011 b

0 LALLM s s \ s
0 001 002 003 004 005 006 007 008 009 0.1
t(s)

Figure 6.5: Power dissipation in switches when on-state resistance is 2 (2



Chapter 7

Conclusions

7.1 Summary

In this thesis, a Matlab® /Simulink® model of a three phase star-connected
bldec motor was developed. The main part of the work was involved in the
development of the six step inverter and its interaction with the motor. The
aim was to make a model that would be simple, accurate, easy to modify and
fast running. It is believed that these goals have been reached. Parameters
of a real blde motor were used and it was verified that the model performed
according to the information given in the motor’s datasheet. A simple model
of a dc motor was also implemented to show the similarity of the two motors.

Torque-, speed- and position control was implemented using three dif-
ferent control strategies: hysteresis band control, pwm control and variable
dc-link voltage control. All the control methods performed well but each has
its drawback.

The uncontrolled switching frequencies of the hysteresis band technique
may be unacceptable in many cases and swithing losses may be a problem if
the hysteresis band is very narrow. Analysis in the frequency domain showed
clearly that the frequency content of the dc-link current is highly dependent
on the applied load. This makes filtering difficult so the hysteresis band
technique may be suitable only in applications where load variations are
small.

The pwm control worked very well and would in most cases be a better
alternative than hysteresis band control. There was, however, some steady
state speed-control error but the cause of it was not investigated due to time
limitations. The position controller performed very well with practically zero
error. Because of the fixed switching frequency, the frequency content of
the dc-link current is independent of load variations which makes filtering of
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unwanted harmonics relatively easy. A 50 kH z switching frequency was used
which is quite high. Such a high frequency was chosen because the motor
can operate at very high speed. Such high frequency may cause excessive
switching losses but the magnitude of the losses was not investigated here.

The variable dc-link voltage technique is the only technique that does not
cause high frequency disturbances, at least if it is assumed that the variable
voltage source is ideal. Its performance was similar to the pwm method but it
produced much smoother torque due to the absence of high frequent switch-
ing. In the frequency domain, the variable dc-link voltage technique contains
only harmonics caused by the current commutation. These frequencies are
proportional to the rotor speed and can easily be calculated.

Finally, losses and commutation delay were investigated. Only on-state
losses were considered and simulations showed that even though currents and
on-resistance are small, its effects are clearly noticable. The side-effects of a
commutation delay showed that the delay should be kept as short as possible
beacause the delay increases the infamous torque ripples of the bldc motor.

7.2 Further Work

One of the advantages of the bldc motor model presented here is that it is not
overly complicated. Improvements and additions are therefore very easy to
make. One additional feature could be to extend the motor operaton to four
quadrants. This is easy to implement but it will surely cause longer simula-
tion time. The inverter now supports both hard and soft chopping operation,
but only soft chopping was used in the simulations. The two chopping meth-
ods could be compared and their effects on torque ripple investigated. Other
control methods could be tested on the model. This might involve using one
current controller for each phase. Sensorless control techniques could also be
implemented. This could involve a special method to start the motor until
the speed becomes high enough for detection of back-emf. The shape of the
back-emf could also be changed to a non-ideal waveform with smoother edges.
Finally, a logical next step would be to try the different control strategies on
a real bldc motor
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