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General Introduction

1.1 Introduction

This chapter introduces permanent magnet (PM) synchronous machines
(PMSMs), i.e. brushless ac (BLAC) machines and PM brushless dc (BLDC)
machines. It also describes the basic principles of BLAC and BLDC drives, includ-
ing modeling and control techniques. In the literature, PMSMs are often referred
to as PM BLAC machines only. In this book, the terminologies of both PM BLAC
machines and PMSMs will be used for convenience, but PM BLAC drives will only
be used together with PM BLDC drives. Moreover, the term “PM machines” used
in this book specifically refers to PM brushless machines. This chapter introduces
various rotor position sensorless control techniques, as well as a comprehensive
classification and their applications. Finally, the scope of this book will be
illustrated.

1.2 Permanent Magnet Machines

Over the last several decades, significant advancements in PM materials, power
electronics devices, and microprocessors have played a crucial role in the develop-
ment of PM brushless machines. PM brushless machines exhibit a range of advan-
tages, including high efficiency, high torque density, high power density, easy
maintenance, and excellent control performance. Hence, they have been used
for a wide range of applications, including electric vehicles, renewable energy
systems, robotics, industrial automation, domestic appliances, aerospace, etc. With
continued research and development, it is likely that the performance and
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2| 1 General Introduction

capabilities of PM brushless machines will continue to improve, making them an
even more compelling choice for a range of industrial and commercial applications.

1.2.1 Topologies

Within the last few decades, there has been much research into various machine
topologies of PMSMs, which can be rotary or linear. Rotary PMSMs can be clas-
sified as in Figure 1.1 [1].

As shown in Figure 1.1, from the type of air-gap fields, PM machines can be
divided into radial-field, axial-field, transverse-flux, and hybrid-fields machines,
respectively. Compared to radial-field PM machines, axial-field and transverse-
flux PM machines can have higher torque and power density [2]-[5]. However,
complex manufacturing processes restrict their applications. In terms of stator
winding configurations, PM machines can be grouped mainly into two categories:
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Figure 1.1 Classification of PM machine topologies.



1.2 Permanent Magnet Machines

() (b)

Figure 1.2 Alternate winding configurations for PM machines. (a) Non-overlapping
windings. (b) Overlapping windings.

fractional-slot machines with non-overlapping concentrated windings as shown in
Figure 1.2a, and integral-slot machines with overlapping distributed windings in
Figure 1.2b. Compared to distributed windings, concentrated windings have the
advantages of shorter end-windings and a higher slot-packing factor, leading
to the reduction of total machine volume, mass, and copper losses [1], [6], [7].
Consequently, the overall efficiency and torque density are improved. However,
compared to integral-slot machines, fractional-slot PM machines suffer from high
contents of stator magneto-motive force (MMF) harmonics, which could cause
increased PM eddy current losses, localized magnetic saturation, acoustic noises
and vibrations, etc. [8].

On the other hand, the rotor structures of PM machines can be classified mainly
into surface-mounted PM machines (SPM) and interior PM machines (IPM).

As shown in Figure 1.3a, the SPM machine is widely used. It has the advantages
of a simple structure and low manufacturing cost. Moreover, the magnet shape
can be easily optimized to produce more sinusoidal-distributed flux density in
the airgap. However, due to direct exposure to the armature reaction field, the
magnets may suffer from irreversible demagnetization risk [1]. In general, the
magnets should be retained by a stainless steel sleeve or glass/carbon fiber.
Another special SPM machine topology, namely the inset PM machine, is shown
in Figure 1.3b, where the magnets are inserted in the rotor with the iron between
them. Compared to the SPM machine, the inset PM machine has considerable
rotor saliency due to high permeability iron steels between the PMs. Accordingly,
it can utilize the reluctance torque to increase the torque density and/or reduce the
amount of PM.
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(a) (b)

Figure 1.3 Surface-mounted PM rotors. (a) Surface-mounted PM. (b) Surface-inset PM.

In contrast, the IPM structures in which the magnets are placed inside the rotor
iron body, shown in Figure 1.4, have the merits of high rotor saliency, good flux-
weakening capability, and a low risk of PM demagnetization. According to the
rotor PM configurations, the IPM machines can be divided into single-layer
IPM rotors, e.g. I-shape and V-shape as shown in Figure 1.4a-b; and double-layer

(@ (e) ®

Figure 1.4 Interior PM rotors. (a) Single I-shape PM. (b) Single V-shape PM. (c) Double
I-shape PM. (d) Double V-shape PM. (e) Delta-shape PM. (f) Spoke-shape PM.



1.2 Permanent Magnet Machines

IPM rotors, e.g. double I-shape, delta-shape, and double V-shape as shown in
Figure 1.4c—e; as well as spoke-shape rotors as illustrated in Figure 1.4f, etc.

The I-shape IPM rotor, Figure 1.4a, has a simple construction with rotor
saliency. Furthermore, the single-layer V-shape IPM rotor, Figure 1.4b, increases
the cross-section areas for PMs and enhances the flux focusing effect, resulting
in a better torque capability. For double-layer variants shown in Figure 1.4c-e,
i.e. the double I-shape, delta-shape, and double V-shape IPM rotors, the rotor sali-
ency and reluctance torque are further enhanced, but the manufacturing process
becomes more complex. In addition, in the spoke-type IPM rotor, Figure 1.4f, the
flux focusing effect can be significant if a higher pole number is employed, but a
higher leakage flux exists due to additional magnetic bridges near the shaft, and
a non-magnetic shaft should be employed and airspace flux barriers are often
required in the laminations near the shaft.

1.2.2 Drives

A PM brushless drive consists of a controller, an inverter, and a PM machine, as
shown in Figure 1.5. The currents can be measured through three-phase currents,
two-phase currents, and dc-link current. The rotor speed and position are usually
measured by a position sensor, unless one of the rotor position sensorless techni-
ques is employed, as will be introduced in this book. A voltage sensor is used to
measure the dc-link voltage. These feedback signals are sent to the controller,
which generates the switching signals for the inverter to achieve the control
objective.

DC-link voltage g Ve o
Switching Inverter
signal A
Controller > _| {}
J ;/
A A

Three-phase current

Rotor position and speed

Position
sensor

Figure 1.5 Block diagram of a three-phase PMSM drive.
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Figure 1.6 Block diagram of a three-phase VSI.

A three-phase voltage source inverter (VSI), Figure 1.6, is commonly employed
in a three-phase PM brushless drive system. As shown in Figure 1.6, a VSI consists
of six power semiconductor switches, usually IGBTs (insulated gate bipolar tran-
sistors) or MOSFETs (metal-oxide-semiconductor field-effect transistors). These
six switches form a three-phase bridge, with each leg of the bridge consisting of
two switches. The middle point of each leg is connected to the one phase terminal
of the PM machine stator winding. The three legs are connected to a dc voltage
source with a dc-link capacitor, which is used to smooth the dc-link voltage.

With the rotation of the PM rotor, the back electromotive force (back-EMF) will
be generated in the stator windings. The PM machines can be classified according
to the back-EMF waveform as either sine-wave or trapezoidal-wave (ideally
square-wave), as illustrated in Figure 1.7. The control strategies, which determine
the inverter switching status, can be classified as either BLDC or BLAC.

e Figure 1.7 Back-EMF
,- waveforms and excitation
currents of BLDC and BLAC
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sine-wave phase current.

(a)

1 1 V‘Im 1

0° 90° N /




1.3 Basic Principle of PM BLAC (PMSM) Drives |7

In BLDC operation the inverter ideally supplies square-wave currents, while
in BLAC operation the inverter supplies sine-wave currents, as shown in Figure 1.7.

Although both BLAC and BLDC drives use the same VSI, their switching
schemes are different. Specifically, BLAC drives employ the three-phase conduc-
tion with space vector pulse-width modulation (SVPWM) control to produce
the sine-wave current, whereas BLDC drives employ the two-phase conduction
six-step control to produce the square-wave current. The switching schemes of
BLAC and BLDC drives are described in the following sections.

1.3 Basic Principle of PM BLAC (PMSM) Drives

In this section, the mathematical models and control strategies of BLAC drives [9]
are described, providing the reader with a basic understanding of the working
principle of PM machine drives. The mathematical models and control strategies
of BLDC drives [10], as well as the comparison between BLAC and BLDC drives,
will be given in Sections 1.4 and 1.5, respectively.

1.3.1 Modeling

Three-phase PMSMs can be modeled in different reference frames, including the
ABC reference frame, stationary reference frame, and synchronous reference
frame (which will be shown later in this section). To simplify the modeling, the
following assumptions are made:

o The stator winding is distributed symmetrically in space, resulting in a sinusoi-
dal armature reactive MMF.

o The EMF induced in the stator windings by the PM rotor is sinusoidal.

o The three-phase windings are star connected without neutral connection.

o The iron loss and magnetic saturation effect are ignored.

o Parameter changes due to temperature and load are ignored.

1.3.1.1 ABC Reference Frame
In an ABC reference frame, the voltage equation is given by:

VA Rs 0 0 iA WA
vg| =10 R O] -|ig| +p 178 (1 . 1)
Ve 0 0 RS iC Y

where v4, Vg, Vc are the three-phase voltages, i, ip, ic are the three-phase currents,
ea, e, ec are the three-phase back-EMFs, wa,ws,wc are the three-phase
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flux-linkages. R; is the phase resistance, and p is the derivative operator, i.e.
p = d/dt.
The three-phase flux-linkages can be written as:

Wa Laa Mag Mac| [ia
wg| = |Mpa L Mpc |- |iB
we Mca Mcp  Lcc | ic
_ (12)
cos o,
+w,, | cos(6,—2x/3)
cos(0r + 27/3) |

where Laa, Lgg, Lcc are the three-phase self-inductances, Mag, Mga, Mac, Mca,
Mpgc, Mg are the three-phase mutual-inductances, v, is the PM flux-linkage, and
0, is the electrical rotor position. For the inductance matrix, the elements are
given by:

Laa = Ly — Ly cos 20,
LBB = Lso — Lsz Cos 2(9r — 27'[/3) (13)
Lce = Lo — Lyp cos 2(0, + 27/3)

where Ly, and Ly, are the amplitudes of dc and the second order harmonic
component of self-inductances, respectively.

MAB = MBA = MS() —Msz COSZ(Q;« + 27[/3)
MBC :MCB :MSO_MSZ COS29r (14)
Mcpa = Mac :Mso—M3200S2(9r—27l’/3)

where My, and M, are the amplitudes of dc and the second order harmonic com-
ponent of mutual-inductances, respectively. Furthermore, there is no second order
harmonic component in the non-salient machines, i.e. Ly, = M, = 0.

From (1.1) to (1.4), it can be seen that the machine model in the ABC reference
frame is coupled with the rotor position, which makes the control very complex.
Therefore, the machine model can be transformed into the stationary reference
frame and the synchronous reference frame.

1.3.1.2 Stationary Reference Frame

The machine model can be transformed from the ABC reference frame to the
stationary reference frame by using the Clarke transformation, which is given
in (1.5).
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| =

1 - 5 —% 1 0 1
1 3
2| Vi s Ly
TABC-apo = 310 -~ —5 | Tapo—aBC = 2 2
1 1 1 V3
5 5 by 2 2
2 2 2
(1.5)

The relationship between the ABC reference frame and the stationary reference
frame is shown in Figure 1.8.

Assuming that the three-phase windings are star connected without neutral con-
nection, the sum of the three-phase currents is zero, and the corresponding zero
sequence component is zero. After transformation, the voltage and flux-linkage
equations in the stationary reference frame are given by:

Va R 0 ia
b=l =) ]l v
Vg 0 R ig W
« L M i cos @
v — |: aa (lﬂ:||:a:| +Wm[ . r:| (17)
l//ﬁ Mﬂa Lﬂ/} g Sll’l@r

where vy, Vg, io, ig, Wo, and y 4 are the af-axis voltages, currents, and flux-linkages
in the stationary reference frame, respectively. Lo, Lz, M5, and My, are the self-
and mutual- inductances in the stationary reference frame, respectively. Further-
more, the inductance elements can be represented as:

_ Ld+Lq " Ld—Lq

Lyo = 5 cos 20,
Lg+ L Ls—L
Ly = 5 a_ 5 9 cos20, (1.8)
Li—L,
Mop = Mg, = — cos 20,
Figure 1.8 Relationship between ABC reference frame B
and stationary reference frame. B

A(a)
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where Ly and L, are the d- and g-axis inductances. If the machine is non-salient,
i.e. SPM, the relationship of the inductances is then given by:

Li=1L, =L, (1.9)

1.3.1.3 Synchronous Reference Frame
The machine model can be transformed from the stationary reference to the syn-
chronous reference frame by using a Park transformation, which is given by:

[ cos®, siné,
Tapo—dgo = | —sind, coso, (1.10)
(- 0 0 -
[ cosd, —sinf, 0]
Tago—apo = | siné,  coso, (1.11)
0 0

Alternatively, the machine model can be transformed directly from the
ABC reference frame to the synchronous reference frame by using a direct-
quadrature-zero (DQZ) transformation, which is the product of Clarke transfor-
mation and Park transformation. Then, the DQZ transformation matrices are
derived as:

TABC-dg0 = Tavbc—apo* Tapo—dqo
cosf, cos(6,—2x/3) cos(6,+2x/3)

_2|—sin6, —sin(0,—2x/3) —sin (6, +27/3) (1.12)
3
1 1 1

cos6, —siné, 1
quO—ABC = quO—aﬂO . TaﬁO—ABC = | COS (Hr — 271'/3) —sin (6;— — 271'/3) 1
cos(6,+2x/3) —sin(6,+27/3) 1
(1.13)
In addition, the relationship between the ABC reference frame, stationary ref-
erence frame, and synchronous reference frame is shown in Figure 1.9.

After transformation, by neglecting the zero-sequence component, the voltage
and flux-linkage equations in the synchronous reference frame are given by:

)=o) i)+

Ya

+a)r[ _l"q} (1.14)

l//q Y4
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and

]
Vq

Lg O ig 1
= . + 1.15
o o)) eals] 0
where vg, vy, ig, ig, Wq, and y, are the dg-axis vol-
tages, currents, and flux-linkages in the synchro-

nous reference frame, respectively, and w, is the
electrical rotor speed.

1.3.2 Control Strategies

As shown in Figure 1.10, it is desirable for the
three-phase back-EMFs of a PM BLAC machine
to be sinusoidal. Hence, three-phase currents
should be controlled to be sine-wave and aligned

C

Figure 1.9 Relationship
between ABC reference frame
and synchronous

reference frame.

with or in advance of the back-EMF to maximize the output torque. In order to

realize the three-phase sine-wave excitation currents,

SVPWM is commonly used

to control the VSI to generate the desired stator voltage to the machine. The
reference of the stator voltage can be obtained by control strategies, including
field-oriented control (FOC), direct torque control (DTC), and model predictive

control (MPC).

1 1 1 /‘ 1 1 1 1 1 \l\ 1 1
T 180° 270° %0(’
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i
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F" ‘\ 0° P 180° ,{ 270° 360°

Figure 1.10 Sinusoidal back-EMF waveforms and sine-wave phase currents of BLAC drive.
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1.3.2.1 Space Vector PWM
For BLAC drives, SVPWM is a popular technique used to control the output volt-
age of the VSI to drive the machine at the desired speed and torque [11]-[13].
As shown in Figure 1.6, Sa, Sg, Sc are the switching states of the three legs of the
VSI. To avoid the short circuit, the upper and lower switches in one leg work in
the complementary mode with a deadtime. Therefore, if the upper switch is on
and the lower switch is off, the value of the switching state is “1”, and if the upper
switch is off and the lower switcher is on, the value of the switching state is “0”. In
total, there are eight switching states of the VSI as depicted in Figure 1.11. For all

& 3 3 3 3 3
Vae ¥ o S S .—,§ VaF » Sg si——¢

E E; 3 3 |3

(000) (100)

3 3 3 K G 5
VT Sa Ss __og Vo T S S ._.,§

3 3 3 3 3 3

(110) (010)

I E G 3
Vae T " Se S -—e% VaeT > Sp S .—og

LIRS LIRS

(011) (001)

3 3 3 ENEIDE
Wt 5 __,§ VaoT R sc._.,g

g 4 S F

(101) (111)

Figure 1.11 Block diagram of VSI at different switching states.
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(001)

Figure 1.12 Equivalent circuits of switching states.

switching states, the corresponding equivalent circuits including the PM machine
are shown in Figure 1.12. Based on the equivalent circuits, the three-phase vol-
tages for all switching states can be derived as shown in Table 1.1.

SVPWM is based on the concept of a rotating space vector [14]. For VSI, the
three-phase voltages can form an equivalent voltage vector vy as:

27 itx
Vg = VAN + VBN€j3 + VCNej3 (1.16)

where van;, Vpn, Von are the phase voltages of a PM machine in the ABC reference
frame. The voltage vector in (1.16) can also be represented in the stationary refer-
ence frame as:

20 . )
Vi = Van + Vane/ 3" + vene’ 3% = v, +Jvg (1.17)

Table 1.1 Switching states and corresponding phase voltages of VSI.

13

Switching

state

(Sa Se S¢) 000 100 110 010 011 001 101 111

Y 0 2 1 1 2 1 1 0
AN g Ve g Ve - g Ve - g Ve - g Ve g Ve

v 0 1 1 2 1 1 2 0
BN - g Ve g Ve g Ve g Ve - g Ve - g Ve

v 0 1 2 1 1 2 1 0
N . Vdc -3 Vdc -3 Vdc Y Vdc > Vdc >y Vdc
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Table 1.2 Switching states and voltage vectors of VSI.

Switching state

(Sa S S¢) 000 100 110 010 011 001 101 111
Voltage vector v, Vi v, A A Vs Ve vy
Value 0 z O

2 o 2 i1 2 2 2 2 i4 2 i5
ngceJO ngceJS” ngceJS” ngceJ” ngceJS” §Vd0e13

Considering the eight switching states of the VSI, there are eight basic voltage
vectors in total including six active vectors, i.e. v;__g, and two zero vectors, i.e. v ;.
The eight basic voltage vectors for different switching states are summarized in
Table 1.2.

As shown in Figure 1.13, in the stationary reference frame, the active voltage
vectors form a hexagon with an amplitude of 2V,./3, and the whole area is divided
into six sectors by the voltage vectors.

Based on the eight basic voltage vectors vy, the VSI can generate any rotating
voltage vector by synthesizing two adjacent active vectors and a zero vector within
a sampling period T;. For example, as shown in Figure 1.13, a reference voltage
vector v; in Sector I is given, with two active vectors vy, v, and the zero vector
Vo are used for the synthesis. The synthesis is based on the volt-second balancing,
which can be expressed as:

V:TS :V1T1 +V2T2 +V()T() (118)

Ts = Tl + T2 + T() (119)

B Figure 1.13 Voltage vectors.
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where T;, T,, and T, are the durations of the volt-
age vectors vy, V,, and vy, respectively. Further-
more, the synthesis is illustrated in Figure 1.14.

Accordingly, the duration time for each vector
can be derived as:

3V
T, = v3 s Tssin(E —9)
Ve 3 >
3V
TZ:\/_ £ T sin(6), Osﬁsf :
de 3
To = TS - T1 - T2
Figure 1.14 Stator voltage
(1.20) reference vector in Sector |.

where V75 is the magnitude of the stator voltage reference, and 6 is the angle of the
stator voltage reference. For the cases in other sectors, the duration time can be
derived similarly.

After obtaining the durations of voltage vectors, the next step is to determine the
switching sequence. The optimum switching sequence of SVPWM [11] is com-
monly used. An example of the switching sequence in Sector I is depicted in
Figure 1.15. To reduce the switching losses, the transition from one switching state
to the next is performed by switching only one leg. Therefore, the zero vector v,
is applied in the middle instead of the zero vector v,. Moreover, as shown in
Figure 1.15, zero vectors are allocated to produce a symmetrical PWM so that
the harmonic distortion in the output voltage can be minimized.

Vo Vi V2 V7 V1 V2 Vo
(000):  (100) (110) (111) (110) (100)  1(000)

Sp

|
!
]
S\:
I
]
]
]
|
!
]
]
]

Figure 1.15 Switching pattern for SVPWM in Sector .
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When the reference voltage vector is within the inscribed circle of the hexagon,
the trajectory of the rotating voltage vector generated by the SVPWM algorithm
can be a circle within the hexagon, as in Figure 1.13. This ensures that the funda-
mental components of the output three-phase voltages are sine waves with a con-
stant amplitude and frequency. However, if the reference voltage vector is outside
the inscribed circle of the hexagon, over-modulation schemes [11], [13] need to be
used to generate the desired output voltage.

1.3.2.2 Field-Oriented Control

FOC, or vector control (VC), was initially developed in the early 1970s [15], [16].
By adopting FOC, the three-phase alternative current (AC) machine can be con-
trolled as a separately excited direct current (dc) machine. As described in
Section 1.3.1.3, based on the reference frame transformation, the three-phase
sinusoidal stator currents are transformed into two orthogonal dc components:
one defines the magnetic flux and the other defines the torque. With FOC, an
excellent performance of the PMSM (BLAC) drive is achieved. The PMSMs can
operate over the full speed range and provide desired torque control performance
even at zero speed. In addition, FOC shows good dynamic performance and
control accuracy.

The block diagram of a typical FOC used for PMSM speed control is shown in
Figure 1.16. The g-axis current is related to the torque and the d-axis current is
related to the flux, and they can be regulated separately [17]. As shown in
Figure 1.16, a SVPWM module is employed in the PMSM drives. As introduced
in Section 1.3.2.1, the stator voltage reference generated by the current controller
can be applied to the machine by SVPWM.

+ Vdc

N (SVPWM Sa Inverter
sB %}

Figure 1.16 Block diagram of field-oriented control.
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1.3.2.3 Direct Torque Control

DTC has been developed due to its simple structure, excellent transient response,
and good robustness against rotor parameters. DTC was first proposed in [18]-[21]
for induction machines and has been extended to other machines, such as PMSMs
[22]. Based on the stator currents and voltages, the flux and electromagnetic torque
are estimated at first. Then, hysteresis regulators are usually implemented in the
conventional switching table-based DTC strategy for the regulation of both elec-
tromagnetic torque and stator flux as shown in Figure 1.17. The switching table for
DTC is given in Table 1.3, in which e7 and ¢,, are the torque and flux error output
by hysteresis controllers. The voltage vectors for each case of er and ¢,, at different
rotor positions are listed together with corresponding switching states of the
inverter in the parentheses.

Compared to the FOC, coordinate transformations and specific modulations are
not required. Hence, the transient torque control performance can be significantly
improved. However, in a digital controller, the responses of both torque and stator
flux controllers can exceed the predefined hysteresis bands due to the time delay
and the fixed sampling frequency, potentially leading to large torque and stator
flux ripples. In order to reduce the torque and flux ripples, DTC with SVPWM
[23]-[25] can be used with a fixed switching frequency.

1.3.2.4 Model Predictive Control

The advancements in fast and powerful microprocessors have led to increased
interest in utilizing MPC for PMSM drive systems [26]-[29]. Research on PMSM
drives has focused primarily on predictive current control, predictive torque

+ Vg —

A
€, —

I v S Inverter
> Ay
Switching i
table g
ér SC= _|

——

A -

Flux and
torque |«
estimator

iABC

Figure 1.17 Block diagram of direct torque control.

17



18| 1 General Introduction

Table 1.3 Switching table of DTC.

Rotor position

e, er 330-30° 30-90° 90-150° 150-210° 210-270° 270-330°

) 1 vy(110) v5(010)  v,(011) v5(001) ve(101) v1(100)
0 ve101) v,(100)  v5(110) v4(010) v,(011) v5(001)
. 1 v4010) v,(011)  v5(001) ve(101) v,(100) v,(110)
0 v5(001) ve(101) v1(100) v,(110) v3(010) v4(011)

control, and predictive speed control [29]. A typical model of predictive current
control of PMSM is shown in Figure 1.18.

Based on the machine model and the current at the kth sampling instant, i.e.
igq(k), the current at the (k 4+ 1)th sampling instant, i.e. izq(k + 1), is predicted iter-
atively with different inverter switching states. Based on the machine model in
Section 1.3.1.3, the prediction model can be expressed as:

T
bk+n] Ptk ol [idu«)]
.p - .
2(k + 1) cot, 1- D | Ligth)
S
o, ) (1.21)
Ly |:vd(k):|
+ + T
0 B Vq(k) - fwrl/jm
Ly s

where T; is the sampling period.

ta
Minimization
* - of
g function
A -—
w, 4
tdq(k+l)
 CEE—
Prediction
model
—
7y
0,
d e

Figure 1.18 Block diagram of model predictive current control.
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Then, a cost function in (1.22) is designed to select the voltage vector that mini-
mizes the error between the reference current and the predicted current.

g=lig—dk+1)|+

i~k + 1) (1.22)

The dynamics of the MPC are desirable as it utilizes predictive variables to deter-
mine the switching state, avoiding the need for PWM. However, a major issue of
MPC is the current tracking error caused by uncertainties in the model. To address
this issue, additional compensations are required.

1.4 Basic Principle of PM BLDC Drives

1.4.1 Modeling

As with the BLAC drives, to simplify the modeling, the same assumptions of BLAC
drives in Section 1.3 are made for BLDC drives. Then, the BLDC three-phase stator
voltage equations can be expressed as:

Va R, 0 O ia Lapn Mag Mpc i ea

vg|=|0 Ry O | -|ip|+p|{Mpr Lpg Mpc| |is| + |ep

Ve 0 0 R ic Mcan Mcp  Lcc ic ec
(1.23)

where ey, eg, ec are the three-phase back-EMFs.

For BLDC machines in which PMs are often surface-mounted, it can be
assumed that there is no change in the inductance with rotor position and the
three phases are symmetrical. Then, the self- and mutual-inductances can be
represented as:

Lan = Lpg = Lcc = L, Mag = Mpa = Mpc = Mcg = Mac = Mca =M
(1.24)

Therefore, (1.23) can be re-written as:

VA RS 0 0 iA L M M iA ea
vw|=]0 R O]|-|ig|+|M L M|-plig| + |es
Ve 0 0 RS ic M M L ic ec

(1.25)
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Since the three phase currents are balanced, i.e. ip + iz + ic = 0, (1.25) can be
further simplified as:

YA RS 0 0 iA

Vp | = 0 RS 0 |-|is

Ve 0 0 RS ic (1 26)
L-M 0 0 ia ea '

+ 0 L-M 0 ‘plig| + |es
0 0 L—-M ic ec

Ideally, the three-phase back-EMFs are trapezoidal as shown in Figure 1.7.

1.4.2 Control Strategies

In the BLDC operation, the three-phase current should be aligned with the back-
EMEF so that the angle between the stator flux and the rotor flux is kept within the
range from 60° to 120° to produce the maximum torque. Generally, two-phase 120°
conduction six-step control is employed in BLDC operation, which is shown in
Figure 1.19. As can be seen, the phase current is switched on 30° after the zero-
crossing of its phase back-EMF waveform.

A €A
ia

\ ' 120° conduction _!
1 1 1 | | 1 1 1 | |
0° 90° 1 gb\ 270° /3600
A s

iB

I N

0° 90° 180° 270° 360°

y ¢c

ic

1 1 "4 1 1 1
Y ° 180° / 270° 360°

Figure 1.19 Illustration of 120° conduction six-step control strategies.
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1.4 Basic Principle of PM BLDC Drives

In the two-phase 120° conduction six-step control, a fundamental cycle is
divided into six sectors as shown in Figure 1.2a. In each sector, two of the three
phases are conducted and the third phase is floating. For each phase, it is switched
on for 120° and is then switched off for 60°. In this 60° floating interval, the back-
EMF can be measured, which provides a way to detect the rotor position.

Figure 1.20 shows a block diagram for the 120° conduction six-step control,
where , is the machine speed and ig4. is the dc-link current. The superscript *
denotes the reference value.

As shown in Table 1.4, six sectors are defined according to the rotor position,
which determines the conduction modes of the three phases. The conduction
sequence across the six sectors is stored in the commutation logic block in
Figure 1.20.

The standard control system of 120° conduction six-step control contains two
control loops, i.e. the outer loop for speed control and the inner loop for current
control, which are connected in cascade. The measured and estimated mechanical
and electrical variables are fed back in each closed loop. The output of the speed

? Vdc ‘7
SABC

Current Comml}tatlon Ly pwM ‘|
controller logic

w, A
Trigger

Speed Hall signal
|
calculator

Figure 1.20 Block diagram of BLDC operation based on six-step control.

r Speed
+ controller

Table 1.4 Definition of sectors and conduction modes.

Sector Rotor position (°) Positive phase Negative phase Floating phase
I 30-90 A B C
II 90-150 A C B
III 150-210 B C A
v 210-270 B A C
v 270-330 C A B
VI 330-30 C B A
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controller is the reference input of the current controller i . By adjusting the PWM
duty ratio (output voltage), the feedback current i4. can track the reference input
i3. and the feedback speed w, can track the reference input ;. That is the mech-
anism of the typical 120° conduction six-step control. Since the time constant of
electrical variables (resistance and inductance) is far lower than the one of
mechanical variables, the inner loop is much faster than the outer loop. In this
way, there are no interferences between the current and speed controllers, and
thus, they can be designed and tuned independently.

For the current control loop, since only two phases are conducted, the stator cur-
rent can be directly reflected on the dc-link. For low-cost applications, the dc-link
current signal is usually utilized in the current control loop. For the speed control
loop, the machine speed and rotor position (commutation instants) information
can be derived from position sensors. As shown in Figure 1.20, for a sensored
BLDC drive, the commutation is often triggered by the Hall-effect sensors. The
machine speed can be calculated from the time duration between two subsequent
transitions of Hall-effect sensors. For sensorless operation of BLDC drives, refer to
Chapters 10 and 11.

1.5 Comparison Between PM BLDC (PMSM)
and BLAC Drives

A brief comparison between BLDC and BLAC operation modes is given in
Table 1.5.

In practice, the back-EMF may be significantly different from the ideal wave-
forms. Besides, the selection of BLDC or BLAC operation mode also depends
on the specific application. Various factors should be taken into consideration,
e.g. the implementation complexity, the system cost, the performance demand,
etc. Hence, irrespective of the back-EMF waveforms, the PM brushless machines
may be operated in either BLDC or BLAC mode.

1.5.1 Square-Wave Back-EMF Machine

Ideally, a square-wave back-EMF machine should be operated in the BLDC mode.
By way of example, if both the phase current and back-EMF are of ideal wave-
forms, as shown in Figure 1.7a, i.e. the back-EMF is trapezoidal with a flat top
of 120° electrically, while the current waveform is square-wave, the electromag-
netic torque of a BLDC machine will be free of ripple, and can be expressed as:

2E ]

(7]

Ty _ppC = (1.27)



1.5 Comparison Between PM BLDC (PMSM) and BLAC Drives

Table 1.5 Comparison between BLDC and BLAC operation [30].

BLDC operation BLAC operation
Control variable Square-wave current Sine-wave current
Position sensor resolution Low High
Ripple in electromagnetic torque High or moderate® Low
Speed and/or position control Coarse Precise
Inverter switching loss® Low High
Current harmonics High Low
Control simplicity Simple Complicated
Flux-weakening capability [31]° Low High

“Because the ideal square-wave back-EMF waveform is difficult to achieve in practical machines.
bIn BLDC operation, there is switching loss in one or two power electronic devices, depending on
how PWM is applied. In BLAC operation there is switching loss in all six devices at any instant.
¢ Assuming the same machine running in BLDC and BLAC modes, respectively.

where w,, is the mechanical angular speed. Both the phase current and back-EMF
are rich in harmonics, as listed in Table 1.6. The interaction between current and
back-EMF harmonics of the same order will result in an effective magnetic torque,
as also listed in Table 1.6.

From Table 1.6, it can be seen that:

o There is no third harmonic in the phase current, but the higher order harmonics
are significant.

o The most significant harmonic in the phase back-EMF is the third harmonic,
while the higher harmonics are relatively low. However, the third-harmonic

Table 1.6 Harmonics of back-EMF and phase current, and electromagnetic torque due to
the same-order harmonics in an ideal BLDC drive [30].

Order of Amplitude of phase Torque due to
harmonic Amplitude of back-EMF current harmonics same-order harmonics
w) harmonics (E;./Epm) (%) (/1) (%) (Tond Tr) (%)

1 121.6 110.3 100.6

3 27.0 0 0

5 4.9 —-221 -0.8

7 -2.5 —-15.8 0.3
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Table 1.7 Current and torque comparison for a square-wave back-EMF machine in BLDC
and BLAC modes [30].

Amplitude of 120°-trapezoidal E,,
back-EMF
BLDC Amplitude of I,

operation  square-wave
phase current

Electromagnetic 2E, I,/Q
torque
BLAC Amplitude of 1.096 I,,, I, 1.1551,,
operation  sine-wave phase
current
Electromagnetic 2E, I,/o, 1.825 E,, I,/ @y, 2.107 E,,, I,/ 0,
torque
Condition Same torque Same current Same current
as BLDC peak as BLDC RMS as BLDC
operation operation operation

back-EMF does not contribute to the electromagnetic torque. Therefore, only
the fundamental component of the back-EMF is dominant.

o The effective electromagnetic torque is produced mainly by the interaction
between the fundamental back-EMF and current. High-order harmonics pro-
duce little effective electromagnetic torque.

In practical applications, the square-wave machine can also operate in the BLAC
mode. A performance comparison is listed in Table 1.7.

1.5.2 Sine-Wave Back-EMF Machine

A sine-wave machine should ideally operate in the BLAC mode. When both
the phase current and back-EMF are ideal sinusoidal waveforms, as shown
in Figure 1.7b, the electromagnetic torque will be ripple free, and can be
expressed as:

3EnIm
20,

T _prac = (1.28)
However, in practical applications it can also be operated in the BLDC mode, since
there is no third harmonic in the phase current while the higher harmonics are
usually low. Hence, the fundamental component of current is dominant. In such
a case, the performance comparison is listed in Table 1.8.



1.6 Sensorless Control Techniques and Applications

Table 1.8 Current and torque comparison for a sine-wave back-EMF machine in BLAC and
BLDC modes [30].

Amplitude of sinusoidal back- E,,
EMF
BLAC Amplitude of I,
operation  sine-wave phase
current
Electromagnetic 1.5E, I, /o,
torque
BLDC Amplitude of 0.907 I,, I, 0.8661,,,

operation  square-wave
phase current

Electromagnetic 1.5E, I, /o, 1654E,1I, /w, 1432E, 1, /o,

torque

Condition Same torque Same current Same current
as BLAC peak as BLAC RMS as BLAC
operation operation operation

Note that if a square-wave machine is operated in the BLAC mode, or a sine-
wave machine is run in the BLDC mode, or if the machine back-EMF waveform
is neither a pure sine wave nor a pure square wave or trapezoidal waveform with
120° flat top, torque ripples will arise. In some machines, the line-to-neutral back-
EMF waveform is not sinusoidal since it contains zero sequence harmonics, such
as the third harmonic. However, the line-to-line back-EMF waveform can be
sinusoidal, since zero sequence harmonics do not exist. Such machines are still
eminently suitable for BLAC operation.

1.6 Sensorless Control Techniques and Applications

High-performance PM machine drives need rotor position information. They are
usually obtained by employing a hardware rotor position sensor, such as a
resolver, encoder, Hall effect sensor, etc. However, doing so will increase the size
and reduce the reliability particularly under harsh environments. It is always
desirable to eliminate the rotor hardware rotor position sensor by using
software-based sensorless techniques [32].

1.6.1 Classification

There are various sensorless control methods, and a brief classification of sensor-
less control techniques for BLAC and BLDC drives is shown in Figure 1.21.
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Figure 1.21 Classification of sensorless control techniques for PM machines.

For BLAC operation, fundamental model-based methods are based on the
back-EMF or flux-linkage; accurate parameters and observable machine model
are necessary. Therefore, they are preferred in middle and high-speed ranges. For
SPMs, back-EMF and flux-linkage can be utilized, while for IPMs, the extended
back-EMF and active flux-linkage are used for sensorless control. Apart from the
fundamental component, the third harmonic of back-EMF and flux-linkage can
also be used for position estimation. For saliency-based methods, the PM
machine saliency is independent of the rotor speed. With different signal injec-
tion methods, this type of method can be used in zero and low-speed ranges.
Moreover, modern control theories such as the extended Kalman filter (EKF),
sliding mode observer (SMO), and model adaptive reference system (MRAS)
can be applied to conventional sensorless techniques to enhance the estimation
performance.



1.7 Scope of This Book

For BLDC operation, the zero-crossing points (ZCPs) detection-based method is
widely adopted, which provides a good performance at middle and high speeds
since it relies on the amplitude of the back-EMF. The back-EMF can be measured
in various ways as shown in Figure 1.21. Moreover, the freewheeling diode con-
duction is another way to indirectly detect the ZCPs. To detect the rotor position
at zero speed, the transient pulse injection-based method can be employed.

1.6.2 Applications

In general, sensorless techniques have proven to be highly effective for applica-
tions with low torque requirements at start-up. In recent years, these techniques
have been successfully commercialized for a variety of applications, including
ventilation fans, pumps, vacuum cleaners, hand dryers, hair dryers, and, more
recently, wind power generators. Despite this success, the use of sensorless control
for applications that require high torque for regular starting, such as general indus-
trial drives and electric vehicle propulsion, remains challenging.

However, there have been successful developments in the use of sensorless con-
trol for commercial washing machines by utilizing high-frequency signal injection
for starting since the starting period is not so critical, although it is desirable that it
be as short as possible. Researchers are continuing to investigate the potential of
this technology for electric vehicles, with extensive research activities currently
underway. It is anticipated that over the next five to ten years, sensorless control
will be increasingly used for fault-tolerance drives in electric vehicles and aero-
space applications, as researchers work to improve the technology and address
the challenges associated with high-torque applications.

Despite the current limitations of sensorless control techniques, they offer
numerous advantages over traditional methods that rely on sensors. For example,
sensorless control can reduce costs and complexity by eliminating the need for
dedicated sensors, while also improving reliability by reducing the number of fail-
ure points in the system. As the technology continues to evolve and improve, it is
likely that sensorless control will find even broader application, offering a reliable,
cost-effective, and efficient solution for a wide range of industrial and commer-
cial needs.

1.7 Scope of This Book

In this book, the basic principles and the state-of-the-art position sensorless
control techniques for PM machine drives will be described, including both PM
BLAC and BLDC drives, single three-phase PM machines, dual three-phase PM
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Sensorless control

techniques
l
|Single three-phase] [Dual three-phase | [ Open-winding ]
[ | |
BLAC (PMSM) BLDC
i }

Fundamental model Saliency tracking Modern control
based method based method theory
l 4 ¥ 3 + 1
Rotor initial Zero-crossing

Basic methods| | Basic methods | | Zero sequence position points
voltage based estimation detection
Chapter 6 Chapter 9 Chapter 10
Practical issues | |Practical issues Third harmonic|, |
and solutions | | and solutions based method
Magnetic
polarity
identification

Chapter 8

Figure 1.22 Scope of this book.

machines, and open-winding PM machines. The overall scope of this book is illus-
trated in Figure 1.22.

For PM BLAC drives, Chapter 2 covers the fundamental model-based methods,
including flux observer, active flux observer, back-EMF, and extended back-EMF.
Chapter 3 presents practical issues and corresponding solutions, e.g. integration
drifting and filter phase delay, back-EMF and current harmonics, cross-coupling
magnetic saturation, parameter mismatch, asymmetric parameters, etc. For the
saliency tracking-based method, Chapter 4 introduces the basic methods using
high-frequency signal injection in various reference frames according to injection
signal and response voltage and current types, such as rotating, pulsating, and
square wave. In Chapter 5, special issues of the saliency tracking-based method
will be fully discussed, including various parasitic effect issues and solutions,
e.g. cross-coupling magnetic saturation, multi-saliency, asymmetric parameters,
inverter nonlinearity, signal delay, machine design, load effect, etc. For high-
frequency signal injection, the methods for selecting the amplitudes and frequen-
cies for injection signals will be systematically described. Moreover, for the
saliency tracking-based method, the utilization of the zero-sequence voltage is
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described in Chapter 6. Apart from single three-phase PM machines, sensorless
techniques for dual three-phase machines and open-winding machines are
detailed in Chapter 7. Further, comprehensive techniques for detecting rotor mag-
netic polarity and initial rotor position will be introduced in Chapters 8 and 9,
respectively.

For PM BLDC drives, sensorless techniques for detecting zero crossing of
back-EMF waveforms under voltage and current PWM control will be described
in Chapter 10, together with those based on third harmonic back-EMF in
Chapter 11, which is also applicable to BLAC drives.

Finally, in Chapter 12, this book will also highlight some modern control
theory-based sensorless techniques, including model reference adaptive system,
sliding mode, EKF, and MPC.
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