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Abstract

The three-level simplified neutral point clamped (3L-SNPC) was first proposed in 1993.
Compared to the T-type and NPC inverters, it uses fewer switching devices to generate a
multilevel waveform. This makes the 3L-SNPC inverter attractive for low-voltage motor
drive applications. However, and to date, it has received comparatively little research
attention, particularly in relation to suitable control strategies. The work described in
this thesis addresses this shortcoming through proposing several direct torque control
(DTC) strategies for 3L-SNPC inverter-fed interior permanent magnet synchronous

motor (IPMSM) drives.

A duty-cycle-control-based DTC strategy with torque ripple reduction suited to the
3L-SNPC inverter is firstly proposed. It utilises hysteresis controllers to directly control
electromagnetic torque and stator flux within hysteresis bands. To reduce the torque
ripples the proposed strategy employs two voltage vectors within each sampling cycle.
The duty cycle of each applied voltage vector is calculated from knowledge of the
torque error and rotor speed. In addition, the proposed algorithm incorporates neutral
point voltage balancing. The experimental results indicate that the proposed duty-cycle-
control-based DTC strategy achieves smaller torque and flux ripples compared to a

non-duty-cycle-based DTC strategy.

Another control method proposed in this thesis is predictive torque control (PTC). It

uses stator current and rotor speed values to predict both the electromagnetic torque and



stator flux. Then, the most appropriate voltage vector that minimises a predetermined
cost function and, hence, the torque error is selected. To further reduce the torque error,
duty-cycle-control and neutral point voltage balancing methods are incorporated. The
combined duty-cycle PTC method necessitates variable switching frequency operation.
To address this issue, torque-regulator-based DTC and space vector modulation (SVM)

based deadbeat PTC (DB-PTC) strategies are proposed.

The proposed torque-regulator-based DTC strategy employs a PI torque controller
and four triangular-carriers to attain torque ripple reduction at a constant switching
frequency. The hysteresis torque levels are determined by comparing the output of the
PI torque controller with four triangular-carriers. With knowledge of the torque and flux
error levels, an appropriate voltage vector is selected from a switching table to regulate
the torque and stator flux. In this method the PI torque controller is used to negate the
large rate of torque variation, while periodic triangular-carriers are used to achieve a

constant switching frequency.

On the other hand, the proposed DB-PTC strategy achieves a constant switching fre-
quency through the adoption of a novel SVM. The desired voltage vector is determined
on the basis of the deadbeat control and synthesized using SVM. The proposed SVM al-
gorithm is developed specifically for the 3L-SNPC inverter and overcomes the problem
of a lack of medium voltage vectors. The algorithm involves selecting the switching
sequence in a manner to assure pole voltages can only change by one voltage level at
most during each voltage vector transition. In addition, the algorithm assures that all ref-
erence voltage vectors confined to the hexagonal limit of the inverter can be synthesized.

With the adoption of SVM, torque and flux ripples are significantly reduced.

All control strategies presented in this thesis are novel and described, modelled and
experimentally verified under both steady-state and dynamic test conditions. A com-

prehensive comparative evaluation of the strategies is also carried out. All proposed

vi



strategies represent a contribution to knowledge, and are expected to improve the

attractiveness of the 3L-SNPC inverter for future motor drive applications.
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Chapter 1

Introduction

1.1 AC Motors

An AC motor is an electric machine driven by an alternating current (AC) that converts
electrical energy into mechanical energy. Basically, AC motors can be classified into
two categories: induction and synchronous. The induction motor has been widely
used in the industry due to its solid rotor structure and low manufacturing cost. In
induction motors, the rotor field is produced by electromagnetic induction action, if the
alternating currents are applied directly to the stator windings. In contrast, the rotor field
of conventional synchronous motors is excited with direct current (DC). Alternatively,
permanent magnet (PM) synchronous motors utilise permanent magnets to generate DC
magnetic flux. Due to the absent of losses associated with the rotor, PM synchronous

motors have higher efficiency than induction motors.

PM synchronous motors can be classified into two categories: surface mounted PM
synchronous motors (SPMSMs) and interior PM synchronous motors (IPMSMs). As
shown in Figure 1.1, SPMSMs have permanent magnets fixed to the outer surface of

the rotor while IPMSMs have permanent magnets inserted in the rotor. It is apparent
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(a) SPMSM (b) IPMSM

Figure 1.1: Rotor Structure of IPMSM.

that IPMSMs have a stronger rotor structure than SPMSMs. Furthermore, due to the
saliency of the rotor, reluctance torque is generated in IPMSMs. Therefore, IPMSMs

have higher torque density compared to SPMSMs.

1.2 Electric Vehicle and IPMSM Drives

Electric vehicles (EVs) have significant advantages over internal combustion engine
alternatives in terms of carbon footprint, as well as performance. A critical enabler of
improved EV performance is the propulsion system, which is commonly implemen-
ted using the induction motor and the interior permanent magnet synchronous motor
(IPMSM) [1-4]. However, and for traction applications, the IPMSM is preferable to the
induction motor, due to its higher power density and efficiency [5]. Further advantages
of IPMSM drives for EV applications can be realized, depending on the control strategy
employed. Field-oriented control (FOC), which was introduced in the 1970s [6], is
the most well-known control method. The control block diagram of FOC is illustrated
in Figure 1.2, and is based on the transformation of three-phase stator currents into a
two co-ordinate synchronous rotating reference frame. The stator currents are therefore
visualized as a vector with two orthogonal components, one which defines the torque,

the other flux. This enables torque and flux to be regulated by controlling the torque and
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Figure 1.2: Block diagram of the FOC strategy.

flux components of the stator current vector. As a coordinate transformation is required,
the rotor angle must be known. It can be directly measured using an encoder mounted

on the rotor shaft, or estimated based on a model of the machine.

Implementing IPMSM drives with FOC gives excellent steady-state torque and flux
responses over a wide range of operating speeds at a constant switching frequency.
However, the presence of two PI current controllers, a space vector modulation (SVM)
block and coordinate transformations complicate the control structure. Further, the

dynamic response is sluggish, due to the characteristic of the PI controller.

Direct torque control (DTC) for IPMSM was introduced in the 1990s [7,8]. The control
block diagram of this strategy is shown in Figure 1.3. DTC requires neither the SVM
block, nor current controllers. Rather, the torque and stator flux are directly regulated
by selecting appropriate voltage vectors from a switching table. In addition, the use
of hysteresis control facilitates fast torque and stator flux dynamics. Therefore, DTC
offers superior dynamic response and is robust against machine parameter variations.
Disadvantages include high torque ripple and a variable switching frequency. A number
of modified DTC schemes have been proposed to overcome these drawbacks. The

duty-cycle-control-based DTC [9—-12] and the SVM-based DTC [13-16] method have
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Figure 1.3: Block diagram of the DTC strategy.

been amongst the most popular methods.

Another direct torque control method for the IPMSM is predictive torque control
(PTC) [17-27]. PTC can be classified into two categories: continuous PTC and finite
control state PTC (FCS-PTC). In the former, a SVM block is needed to synthesize a
continuous reference voltage output from the controller. Thus, a constant switching
frequency is achieved. In the latter, and differently, the reference voltage vector is
selected from a finite set of voltage vectors of a power inverter. Figure 1.4 illustrates the
control block diagram of the FCS-PTC strategy. The voltage vector that minimizes the
defined cost function and, hence, torque and flux errors, will be selected. However, and
due to the absence of a modulator, a constant switching frequency cannot be achieved
in FCS-PTC. In addition, the computational burden is high because of the existence
of several selective voltage vectors in each sampling cycle. Compared to DTC, FCS-
PTC has a simpler control structure, yet maintains the advantage of a fast dynamic
response [24]. However, high torque ripple levels are incurred, because of the use of
only one voltage vector within each sampling cycle [21]. Due to the importance of

reducing torque ripple significant research effort exists in this area [21,23].
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Figure 1.4: Block diagram of the PTC strategy.

The performance of the IPMSM drive depends not only on the control strategy employed
but also on the type of power inverter. In general, a two-level inverter is used to power
the IPMSM. The total harmonic distortion of the stator current can be reduced by
increasing the switching frequency of the inverter. But, it will increase the total inverter
losses, which requires more efficient cooling systems [3]. Multilevel inverters can
be used as an alternative in this respect [28]. Compared to the two-level inverter,
multilevel inverters are able to operate at lower switching frequency and dv/dt levels
and with reduced harmonic distortion in drive output waveforms. Experimental results
presented in [29] show that the proposed drive system achieved better total efficiency
compared to the conventional two-level inverter-fed motor drive solution. However, and
disadvantageously, multilevel inverters require significant number of semiconductor
devices, increasing overall system complexity and cost. The three-level simplified

neutral point clamped (3L-SNPC) inverter can be used to overcome this drawback.
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Figure 1.5: Circuit diagram of the 3L-SNPC inverter

1.3 Three-level Simplified Neutral Point Clamped In-
verter

First proposed in [30] , the three-level simplified neutral point clamped (3L-SNPC)
inverter uses less number of semiconductor devices to generate multilevel output voltage
waveforms. Originally, the 3L-SNPC inverter was employed with gate turn-off thyristors.

However, it can be implemented with IGBTs, as depicted in Figure 1.5.

As shown in Figure 1.5, the 3L-SNPC inverter comprises a dual-buck converter
(Sa1 — Saa) and a conventional two-level inverter (S,,, Sy, Seps San, Stns Sen)- This
arrangement only requires only 10 active switches, which is fewer than both the conven-
tional three-level NPC (3L-NPC) and T-type inverters. The 3L-NPC inverter requires
at least 12 actives switches and/or 6 diodes. On the other hand, while no diodes are
needed, the T-type inverter needs 12 active switches of which half are bidirectional.
Moreover, due to the absence of medium voltage vectors, the problem of neutral point
voltage imbalance is less severe in the 3L-SNPC inverter. This means smaller DC-link
capacitors can be used. These features make the 3L-SNPC inverter very suitable for

EVs, for which the operating voltages are in the range 200 to 800 Volts [31].
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1.4 Research Objective

Compared to its three-level counterparts, the 3L-SNPC inverter uses less switching
devices to generate multilevel output voltage waveforms. Moreover, the issue of the
neutral point voltage imbalance is less severe, due to the absence of the medium voltage
vectors. This makes the 3L-SNPC inverter very suitable for EV applications. However,
and to date, the development of low-voltage high performance IPMSM drives fed from
3L-SNPC inverters has received little research attention. Consequently, the fundamental
objective of the work presented in this thesis is to contribute to scientific knowledge
through the development and experimental verification of novel control strategies suited
to 3L-SNPC inverter-fed IPMSM drives. A particular focus is placed on direct torque

control strategies.

1.5 Outline of the Thesis

The chapters of this thesis are arranged as follows:

Chapter 1 gives an introduction of the EV and IPMSM drives. The main control
strategies for [IPMSM are briefly reviewed. The 3L-SNPC inverter are also introduced.

The main objective of this research is discussed then.

Chapter 2 presents a brief review of multilevel inverter topologies. The advantages and

disadvantages of the 3L-SNPC inverter are highlighted.

Chapter 3 proposes a duty-cycle-control-based DTC strategy with torque ripple re-
duction suited to the 3L-SNPC inverter-fed IPMSM drive. It includes an analysis the
relation between rate of torque variation and voltage vectors, as well as explanations
for the proposed switching table and duty cycle calculations. Furthermore, the neutral

point voltage balancing is addressed. The performance of the duty-cycle-control-based
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DTC strategy is also compared with that of the non-duty-cycle-control-based DTC in

experiments.

Chapter 4 presents a PTC strategy. To reduce the torque ripples, a duty-cycle-control-
based PTC strategy is implemented. The voltage vectors are selected to minimize the
torque ripples and simultaneously balance the two DC-link capacitor voltages. All
design equations pertain to the stationary (o — ) reference frame are presented in

details. The robustness of the proposed PTC strategy is also discussed.

Chapter 5 presents a torque-regulator-based DTC strategy. It includes analysis and
design of the proposed torque regulator. The proposed strategy achieves a constant
switching frequency and also reduced torque ripples through the use of a simple PI
torque controller and a triangular-wave carrier-based comparator. The robustness merits

of the DTC strategy is preserved.

Chapter 6 proposes a deadbeat-based PTC (DB-PTC) strategy, which adopts a novel
SVM algorithm specific to the 3L-SNPC inverter. The desired voltage vector is determ-
ined on the basis of the deadbeat control and synthesized using SVM. With the adoption
of SVM, the torque and flux ripples are significantly reduced. In addition, a constant

switching frequency is also achieved.

Chapter 7 presents a comparative evaluation of all proposed strategies. The evaluation
is conducted on the basis of several criteria: torque and flux ripples, stator current total

harmonic distortions and neutral point voltage fluctuations.

Chapter 8 presents the conclusions and some suggestions for future research.



Chapter 2

Review of Multilevel Inverters

Topologies

2.1 Introduction

Multilevel inverters are widely used in many applications [28,32—35]. Since the concept
of multilevel inverter was first introduced in 1975 [36], various multilevel inverter
topologies has been developed [37—44], and can be classified into neutral point clamped
(NPC), flying capacitors (FC) and cascaded categories. Such a classification is shown
in Figure 2.1. In this chapter a review of multilevel inverter topologies for motor drive

applications is presented.

2.2 NPC Inverters

2.2.1 Diode NPC Inverters

The three-level neutral point clamped (3L-NPC) inverter was introduced in [37]. The

main circuit diagram of the 3L-NPC inverter is illustrated in Figure 2.2. Each phase leg
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Figure 2.1: Multilevel inverters classification.
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Figure 2.2: Circuit diagram of the 3L-NPC inverter

of the 3L-NPC inverter consists of four switching devices along with their anti-parallel
diodes and two clamping diodes. The switching devices have only to block half of the

DC-link voltage (V}.). At each instant of time, only two of the four switching devices in

10
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each phase leg are turned on. According to the switching combinations of (S, — S,4)
in Table 2.1, the possible voltage across the inverter output terminals 'a’ and the neutral
point 'O’ can be V,./2, —V,./2 or 0. Therefore, the three-level output at the inverter
output terminals (a, b, ¢) can be produced. The current commutation during switching

in one phase leg for positive and negative output current are shown in Figure 2.3.

Switching combination v
S al S a2 S a3 S a4 a0

1 1 0 0 Ve /2
0 1 1 0 0

0] 01 1 —Viae/2

Table 2.1: Switching combinations for phase leg-a of the 3L-NPC inverter

P P P
Sal o—l Sal °'|
Ci= Ci= Ci=
Da 3 Dar § Sz Da & Sa2
i i
Ve _r o Ve _r o Vi T_ o
Da 7 Da & Sa3°-| Da, & Sa30-|
C, =—= C, = C, =—=
Sa4°-| Sa4°-|
N N N
(a)
3 3
Sal o—l Sal °'|
C, = Ci=
Dz 3 * Sz Da & Saz
1l o i 1 o i
Vdc T Vdc (
Da 2 Sa3°‘| Da % Sa3°‘|
C, = C, ==
Sa4°-| Sa4°-|
N N

(b)

Figure 2.3: Current commutation during switching for (a) positive and (b) negative
output current of the 3L-NPC inverter.
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Figure 2.4: Circuit diagram of phase leg-a of the SL-NPC inverter

The 3L-NPC inverter can be extended to higher levels [45,46]. Figure 2.4 shows one
phase leg of the five-level NPC (SL-NPC) inverter. The DC-link voltage is divided
into five levels by four series connected capacitors (C; — Cy). The voltage across the
inverter output terminals ’a’ and the neutral point 'O’ can be —Vj./2, —Vq./4,0, Vy./4
and V,./2, depending on the switching combinations of (S,; — Sus) , as tabulated in
Table 2.2. For the SL-NPC inverter, each switching device is only required to block
one-fourth of the DC-link voltage. However, the clamping diodes have different reverse
blocking voltage rating. For example, when (S,4 — S,g) are turned on, the clamping

diode D, has to block a voltage level of 3V,;./4, while D,; only has to block a voltage

Switch combination
VaO

S(zl Szz2 Sa?) Sa4 Sa5 Sa6 Sa? SaS
1111 ]o[o0]0] 0] Vi
o1 [ 1|1 [ 1]0]O0] 0] Vg4
olo|[ 1|1 [1]1]o0]oO 0
ool o1 |1 [ 1][1]o0]-V/A
ojlololo |1 [ 1 ][1]1]-V/2

Table 2.2: Switching combinations for phase leg-a of the SL-NPC inverter

12
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Figure 2.5: Circuit diagram of phase leg-a of the 3L-ANPC inverter

level of V./4. Assuming that each clamping diode has the same blocking voltage
rating as the switch device, the number of switching devices and clamping diodes in
each phase leg of an m-level NPC inverter will be 2 (m — 1) and (m — 1) (m — 2),
respectively. It is apparent that when m is sufficiently high, the structure of the inverter
becomes very complex with large number of semiconductor devices. Therefore, the

level number for diode NPC topology never exceeds five in common industrial practice.

2.2.2 Active NPC Inverters

The three-level active NPC (3L-ANPC) inverter is presented in [47,48]. Unlike the
3L-NPC inverter, the 3L-ANPC inverter uses clamping switches instead of clamping
diodes, as shown in Figure 2.5. This modification allows the 3L-ANPC inverter to
overcome the problem of unequal losses for each device in one phase leg of the 3L-NPC
inverter. By driving the current go through the upper or lower clamping path, the
symmetrical semiconductor-junction temperature distribution can be achieved [28].
This makes the cooling system design less complex and maximizes the power capability

of the inverter. As a result, the 3L-ANPC inverter is able to achieve a higher power rate

13
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Figure 2.6: Circuit diagram of phase leg-a of the SL-ANPC inverter
than the 3L-NPC inverter.

The 3L-ANPC inverter can also be extended to higher levels. For the m-level ANPC
inverter, the number of switching devices in each phase leg is m (m — 1). Clearly, when
the level number of the inverter is sufficiently high, a significant number of switching
devices required will make the system impractical to implement. Therefore, the level

number for ANPC topology also never exceeds five in common industrial practice.

The 3L-ANPC inverter can be combined with the three-level flying capacitor (3L-FC)
inverter to form a five-level hybrid inverter [49, 50]. Despite the fact that it is a hybrid
topology, it is commonly called SL-ANPC inverter. A commercial version of this
topology has been reported [51]. Figure 2.6 shows one phase leg of the SL-ANPC
inverter. From Figure 2.6, it is apparent that this topology requires fewer number of
switching devices than the standard SL-ANPC inverter. Nonetheless, this advantage
come at the expense of a more complex current commutation loop during switching and
unequal losses for each device in one phase leg. Moreover, the neutral point voltage

and the floating capacitors voltage need to be controlled at the same time [28].

14
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Switch combination v
Sala Sa2 Sa37 Sa4 Sa57 Sa6 Sa77 Sa8 Sa9 SalO Sall Sa12 a0

0 0 0 1 0] 0 1 1| —Va/2
0 1 1 1 0 1 0 1| Vg /4
0 1 0 0 1] o0 1 0 | —Va/4
0 1 0 0 1 1 0 0 0
0 0 1 0 0] 0 1 1 0
0 0 1 0 0 1 0 1 Ve /4
1 0 0 0 1 0 1 0 | Vi/4
1 0 0 0 1 1 0 0 | Va/2

Table 2.3: Switching combinations for phase leg-a of the 5SL-ANPC inverter

Figure 2.7: Current commutation during switching for positive output current of the

S5L-ANPC inverter.

For the SL-ANPC inverter, the floating capacitor C, is initially charged to V;./4 while

the two DC-link capacitors C; and C, are charged to V,./2. According to the switching

15
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combinations of (S,; — S,11) tabulated in Table 2.3, the voltage across the inverter
output terminal ’a’ and the neutral point "0’ can be —V./2, —V./4,0, V. /4 and Vg, /2.
Therefore, the five-level output at the inverter output terminals can be produced. It is
noteworthy that each phase leg of the SL-ANPC inverter can produces eight switching
states. Among them, two switching states generate the same voltage level of —V}./4, 0
and V. /4, respectively. These redundancies can be used to control the floating capacitor
voltage. The switch commutation for each switching state for positive phase output

current is depicted in Figure 2.7.

P salg} Su | Su
S g Sg 8% g% k%

c, L 2
sz—L Sbg-L
b
0]
ScZ—L SC3_L

K} -KF
N Sas Sha Sea

Figure 2.8: Circuit diagram of the T-type inverter.

2.2.3 T-type Inverter

Figure 2.8 shows the main circuit diagram of three-level T-type inverter. As shown in
Figure 2.8, each phase leg of the T-type inverter consists of four switching devices along
with their anti-parallel diodes. Compared to the 3L-NPC inverter, the T-type inverter
uses the same number of active switching devices, but six fewer diodes and therefore
reduces conduction losses. However, S,; and S,4 have to block full DC-link voltage.
Sz2 and S,3, which form a bidirectional switch connecting between the phase output

terminal "x” {x € (a, b, ¢)} and neutral point ’O’, have to block only half of the DC-link
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Switching combination v
S. zl S z2 S z3 S z4 a0

1 1 0 0 Vae/2
0 1 1 0 0
001 1| Vg /2

Table 2.4: Switching combinations in each phase leg of the T-type inverter

voltage. At each time instant, only two of the four switching devices in each phase leg
are turned on. According to the switching combinations of (S,; — S,4) tabulated in
Table 2.4, the possible voltage across the inverter output terminals "x” and the neutral
point O’ can be V;./2, —V,./2 or 0. Therefore, the three-level output at the inverter
output terminals (a, b, ¢) can be produced. The current commutation during switching

for positive and negative output current in one phase leg of the T-type inverter is shown

in Figure 2.9.
c Su iy ¥ c Su ~ly & c S~y &
T Sw Sa T Sw Sws 'T  Sa Sa
1 1 i 1 1 i 1 1 i
Vdc r 0 Vdc - 0 ° Vdc - 0 °
C, == C, == C, ==
: Su R} i Su R ¥ i su h}
(a)
. Su 1k} . Su g3 . Su ~fh ¥
T Sa Sa T Sw Sws T Se Sw
1 1 i 1 1 . 11 i
Ve T+ 0 ° Vic + 0 ° Vie + 0 Iﬁ-ﬂl °
C, 3 C, == C, ==
? Su AR ¥ ? Su R 3 ? Su ~AR%
(b)

Figure 2.9: Current commutation during switching for (a) positive and (b) negative
output current of the T-type inverter.
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Figure 2.10: Circuit diagram of the 3L-SNPC inverter

The application of the T-type inverter for low-voltage motor drives has been recently
reported in [29]. Experimental results show that the proposed drive system achieved
better total efficiency compared to the conventional two-level inverter-fed motor drive
solution. In addition, to further increase the total drive efficiency, the conduction losses

of the switches and iron losses of the machine must be reduced.

2.2.4 Simplified NPC Inverter

The main circuit diagram of three-level simplified neutral point clamped (3L-SNPC)
inverter [30] is illustrated in Figure 2.10. As shown in Figure 2.10, the 3L-SNPC
inverter can be divided into two parts. The first part is a dual-buck converter, comprising
two equal capacitors (C4,Cy) and four switching devices (S4; — Sa4) along with
their anti-parallel diodes. Functionally, it splits the DC-link voltage into three levels
(Vae/2,0,—V4./2), allowing two voltage levels to be present at the input terminals
(ViF, Vi) at any instant. The switching logic of the dual-buck converter is tabulated in
Table 2.5, from which it is apparent each switching device is only required to block half

of the DC-link voltage.
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Switching combination | Terminal voltage
Sar | Sag | Saz | Sas | Vi 758
1[0 o0 U [ Vae/2 ] —Vie/2
1 0 1 0 Ve /2 0
0 1 1 0 0 0
0 1 0 1 0 —Vie/2

Table 2.5: Switching combination and terminal voltage of dual-buck converter
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Figure 2.11: Current commutation during switching for (a) positive and (b) negative
output current of the 3L-SNPC inverter.

The second part is a two-level inverter. It employs six switching devices, each capable

of blocking the full DC-link voltage. Altogether, only ten switching devices are utilized,

realizing an advantage relative to the T-type inverter. The two-level inverter fed by

the dual-buck converter source produces the three-level output at the inverter output

terminals (a, b, ¢). The current commutation during switching for positive and negative

phase-a output current of the 3L-SNPC inverter is shown in Figure 2.11.
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Figure 2.12: Circuit diagram of the 3L-FC inverter
2.3 Flying Capacitors Inverters

Figure 2.12 shows the main circuit of the three-level flying capacitor (3L-FC) inverter
[35]. Each phase leg of the 3L-FC inverter consists of four switching devices along
with their anti-parallel diodes and one floating capacitor to clamp the voltage. The
floating capacitor is initially charged to V;./2. According to the switching combinations
of (S,1 — S,4) tabulated in Table 2.6, the possible voltage across the inverter output
terminals ’a’ and the point "O’ can be V,./2, —V,./2 or 0. Therefore, the three-level

output at the inverter output terminals (a, b, ¢) can be produced.

The 3L-FC inverter does not have the DC-link capacitor voltages imbalance issue.
However, the floating capacitor voltage must be maintained at V,./2. Figure 2.13 shows
the current commutation during switching in one phase leg for positive and negative
output current. From Figure 2.13, it can be seen that for positive output current the
floating capacitor is charged when S,; and S,3 are turned on, and is discharged when
Suo and S,y are turned off. Therefore, the charge of the floating capacitor can be

controlled through proper selection of the switch combination.
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Switching combination v
S al S a2 S a3 S a4 a0
1 1 0 0 Vae/2

1[0 |1 0 0
0170 1 0
001 1| —Va/2

Table 2.6: Switching combinations for phase leg-a of the 3L-FC inverter

(b)

Figure 2.13: Current commutation during switching for (a) positive and (b) negative
output current of the 3L-FC inverter.

The 3L-FC inverter can be extended to higher levels. Figure 2.14 shows one phase
leg of the five-level flying capacitor (S5L-FC) inverter. The voltage across the inverter
output terminal ’a’ and the neutral point 'O’ can be —V,./2,—V;./4, 0, V./4 and
Vac/2, depending on the switching combinations of (S,; — S,s), as tabulated in Table
2.7. Compared to the SL-NPC and SL-ANPC inverters, the SL-FC inverter has more
redundant switching combinations. By proper selection of switching combinations,

it is possible to control the clamping capacitor charge. However, assuming that each
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Figure 2.14: Circuit diagram of the SL-FC inverter

capacitor has the same blocking voltage rating as the switch device, each phase leg of
an m-level FC inverter requires a total number of (m — 1) (m — 2) clamping capacitors
and (m — 1) DC-link capacitors. It can be seen that when m is sufficiently high, the

structure of the inverter becomes very complex with large number of devices.

Switch combination

St [ Sz [ Sus | St | Sus | Sus [ Sur [ Sus |
11ttt ]o]o0o]o0] 0] Vi
1 1o 100 0] Vis/d
trlo |l 1 [ 1 ]of[o0]1]0] Vg
0| 1 |1 [ 1 ]0[0/0] 1] Vg/a
1 ol1[1]lo0o[o0o|1]oO 0
1 olo[ 1 o[1|1]oO 0
11 lofol1[1]07]oO 0
ol 1|1 ]o]1]0]o0]1 0
o1 [o[1][o]1]o0]1 0
oo [ 1 [1][o]o|1]1 0
T olo[o |1 [1 | 1]0][—-Vg/H
oo [T [o|1[o0][ 11 /|-V./4
oo o [T ]o[1][1]1]|-V./4
ool oo |1 |1 ][1]1]|-Ve2

Table 2.7: Switching combinations for phase leg-a of the SL-FC inverter
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Compared to NPC inverters, FC inverters have found less industrial penetration. This
is mainly because a higher switching frequency are necessary to keep the capacitors
properly balanced [28]. In addition, this topology also requires initialization of the

floating capacitor voltages.

2.4 Cascaded Inverters

The cascaded multilevel inverter is suitable for high-power applications due to its
modular structure that allows higher voltage operation with low-voltage semiconductor
devices. It can be classified into three categories: symmetrical cascaded H-bridge,

asymmetrical cascaded H-bridge and modular.

The symmetrical cascaded H-bridge (CHB) inverter topology [52, 53] is based on the
series connection of single phase H-bridge inverters with separate DC sources. The
required inverter pole voltage can be synthesized by the addition of the voltage generated
by the different cells. If each phase leg has N cells, the symmetrical CHB inverter can
produces (2N + 1) voltage levels. Consider a five-level symmetrical CHB shown in
Figure 2.15-(a) as an example. This topology consists of two series-connected single
phase H-bridge inverters with two separate DC sources. The inverter produces five
voltage levels 2V, Vi, 0, —Vy. and —2V/;, across the inverter output terminals 'a’ and

the point 'O’ depending on the switching combinations of (S,; — Sgs).

The asymmetrical CHB inverter is proposed in [54]. This topology has a very similar
structure compared to the symmetrical CHB inverter. The only difference is that each
single phase H-bridge cell in one phase leg has different voltage levels, as shown
in Figure 2.15-(b). With N cells in one phase leg, the asymmetrical CHB produces
(2N 1 1) voltage levels. Thus with the same number of cells, the asymmetrical CHB

produces more voltage levels than the symmetrical CHB inverter. However, due to the
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difference in DC source supply to each cell, the device rating for each cell is different.

Another topology is the modular inverter [55], as shown in Figure 2.16. This topology
consists of series-connected two-level single-phase half-bridge along with their parallel
floating capacitor. Further, H-bridge cells have been proposed [53,56,57]. With N cells
in one phase leg (N must be even), the modular inverter produces (2N — 1) voltage
levels at the inverter output terminals. Unlike the CHB inverters, the modular inverter
does not require isolated DC sources. However, the floating capacitors voltage balance

need to be controlled.

S; S3 S S3
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(a) (b)

Figure 2.15: Circuit diagram of the (a) symmetrical CHB, and (b) asymmetrical CHB
inverters.

'Vdc +Vdc
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Figure 2.16: Circuit diagram of the modular inverter
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2.5 Comparison between the 3L-NPC, T-type and 3L-

SNPC inverters

2.5.1 Number of components

Table 2.8 shows the comparison between the 3L-NPC, T-type and 3L-SNPC inverters.
It can be seen that the 3L-NPC inverter has highest total number of semiconductor
devices and each active switch has to block only half of the DC-link voltage. In contrast,
the total number of devices is smallest for the 3L-SNPC inverter. Compared to the
T-type inverter, 3L-SNPC inverter has the same number of active switches that have to
block full DC-link voltage, but less number of switches that have to block half of the
DC-link voltage. Therefore, this feature makes the 3L-SNPC inverter very suitable for
EV applications. The issue of neutral point voltage imbalance for NPC inverters are

investigated in the next section.

Description 3L-NPC | T-type | 3L-SNPC
Number of DC-link capacitor 2 2 2
Number of active switch 12 12 10
Number of passive switch 18 12 10
Number of switch that has to block Vj./2 12 6 4
Number of switch that has to block V. 0 6 6

Table 2.8: A comparison between 3L-NPC, T-type and 3L-SNPC inverters

2.5.2 Neutral Point Voltage Balancing

The operating status of the switching devices can be represented by switching states. A
switching state POQO denotes that the output terminal ’a’ is connected to the point P’
while the output terminals s’ and ’c’ are connected to the point 'O’ . The 3L-SNPC

has twenty-one switching states, as shown in Table 2.9. The terminal phase voltages
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e s Output phase voltages Voltage space vectors

No. | Switching states v ‘ V. ‘ v Mag, ‘ Angle ‘ Vector

I Zero voltage vectors

1 |P|P P

2 10O O 0 0 0 0 0 0

3 |N|N N

II Small voltage vectors

4 |P|O O

5 O N N ‘/dc/g _Vdc/6 _Vdc/6 ‘/dc/g 0 VSl

6 | P|P 0]

8 |[O|P 0]

10 |O| P P

12 {O |0 P

13 N | N 0O 'Vdc/6 'Vdc/6 ‘/dc/?) ‘/:10/3 _27T/3 VSS
14 | P|O P

15 O N 0O ‘/:10/6 'Vdc/3 ‘/dc/6 ‘/dc/?) _77/3 VS6
I Large voltage vectors

16 | P | N N 2Vae/3 | =Vae/3 | —Vae/3 | 2V4./3 0 Vi1
17 P p N ‘/dc/3 ‘/dc/B _2‘/dc/3 2%0/3 7T/3 VL2
18 [N | P N —Vae/3 | 2Vae/3 | —Vae/3 | 2Vae/3 | 27/3 Vis
19 [N| P P 2Vae/3 | Vae/3 Vae/3 | 2Vye/3 7r Via
20 N | N P _Vdc/3 —Vdc/g 2Vdc/3 2Vdc/3 —27T/3 VL5
21 | P | N P Vae/3 | 2Vi4e/3 Vae/3 | 2Vye/3 | —7/3 Vie

Table 2.9: Switching state combinations of 3L-SNPC inverter

corresponding to each switching state combination can be represented by a voltage

space vector using the following transformation

— 2 - 27 ;AT
V = g (Van + ‘/E)nej% + V::nej%>

2.1)

Based on magnitude, the voltage vectors can be divided into three groups: zero voltage

vectors (Vp) , small voltage vectors (Vs;) and large voltage vectors (V7;), as shown in

Figure 2.17.

For the 3L-SNPC inverter, there are two possible ways to produce a given Vg,. For
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Vis [NPN] Viz [PPN]
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\
\ / /
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\ [0OPT Mg Ve \/[POP]
Vv [NNO]) T [ONO]

Vs [NNP] Vs [PNP]

Figure 2.17: Space voltage vectors diagram of the 3L-SNPC

example, the switching state POO and OON are both represented by Vs;. The former
is produced when the phase ’a’ leg of the two-level inverter is connected to +Vj./2,
while both phase b’ and ¢’ legs are connected to 'O’ . Conversely, the latter is produced,
if the phase ’a’ leg of the two-level inverter is connected 'O’ , while both phase ’b’
and ’c’ legs are connected to —V/./2. These two switching states also produce opposite
effect on the neutral point voltage. The medium voltage vectors that are present for
the 3L-NPC and T-type, do not exist for the 3L-SNPC inverter. This reduces neutral
point voltage fluctuations, since medium voltage vectors are known as the main source
of this problem [58]. The small voltage vector can be divided into two groups: Group
I, including switching states (POO, PPO,OPO,OPP,OOP, POP) and Group II,
including switching states (ONN, OON, NON, NOO, NNO,ONO), each of which
have opposite effects on the charging and discharging of capacitors C; and C5, as
illustrated in Figure 2.18. It is also noted that different V; produce different neutral

point currents, as shown in Table 2.10.
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C: 3

C.

(a)

c. L

b Vit
Vin'

(b)

Vdc r—a

Figure 2.18: Effect on the voltages of capacitors C; and C5 due to switching states (a)
POO and (b) ONN.

Voltage space vector | Switching state | Neutral point current
v POO —iq
51 ONN i

PPO le
Vsz OON —ie
OPO —1ip
Vss NON b
OPP lq
Vsu NOO —iq
0]0)% —i¢
Vss NNO i
POP ip
Vse ONO —ip

Table 2.10: Neutral point current for different V;

Compared to the 3L-SNPC inverter, T-type and 3L-NPC inverters are able to generate
more switching states. Each topology has twenty-seven switching states that can be
devided into four groups based on their magnitude: zero voltage vectors (1;) , small
voltage vectors (Vg;), medium voltage vectors (V};) and large voltage vectors (V7;), as

shown in Figure 2.19.

For the T-type and 3L-NPC inverters, Vs; and V); affect the neutral point balance. Each

Vi can be generated from only one switching state. Therefore, to balance the neutral
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Figure 2.19: Space voltage vectors diagram of the 3L-NPC

point voltage, appropriate combination of switching states must be selected in such a
way that the average neutral point current in a duty cycle equals to zero [59]. However,
the neutral point current (7o) caused by Vj; cannot be completely compensated by 7
generated by Vi;, especially at high modulation index and low power factors [58,59].
Thus, the issue of neutral point voltage imbalance of the T-type and 3L-NPC inverters

is more severe than that of the 3L-SNPC inverter.

2.6 Conclusion

A brief review of multilevel topologies for motor drive applications was presented in
this chapter. A comparison between the 3L-NPC, 3L-SNPC and T-type inverters was
carried out to highlight the advantages of the 3L-SNPC inverter for EV applications. It
is also noteworthy that the performance shortcoming of the 3L-SNPC inverter is due

to the lack of medium voltage vectors. For example, the conventional SVM method
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cannot be applied and, therefore, the existing SVM based-control algorithms for 3L-
NPC and T-type inverters-fed IPMSM drive cannot be applied without difficulty and
compromise. This issue has been addressed only in [102]. So far, very little research on
suitable control strategies for 3L-SNPC inverter-fed IPMSM drive has been presented in
literature. This thesis presents several control strategies suited to the 3L-SNPC inverter.

In the next chapter, a duty-cycle-control-based DTC is proposed.
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Chapter 3

A Duty-cycle-Control-Based DTC
Strategy for the 3L-SNPC Inverter-fed
IPMSM Drives

3.1 Introduction

A technique providing robustness against machine parameter variations while maintain-
ing fast dynamic response and control structure simplicity is the direct torque control
(DTC) strategy [7,8]. DTC requires neither the SVM block, nor current controllers.
Rather, the torque and stator flux are directly regulated by selecting appropriate voltage
vectors from a switching table. In addition, the use of hysteresis control facilitates
fast torque and stator flux dynamics. Nevertheless, this leads to high torque ripples
and a variable switching frequency. A number of modified DTC strategies have been

proposed to overcome these drawbacks.

In [60], a SVM-based DTC (SVM-DTC) method is proposed to reduce torque ripple

while operating at a constant switching frequency. The magnitude and angle of the
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desired voltage vector are calculated from knowledge of the torque and stator flux errors.
The desired voltage vector is then synthesized using SVM. The reported experimental
results indicate improvements in the torque and stator flux ripple levels. Alternatively,
the desired voltage vector can be determined on the basis of the deadbeat control [13].
Akin to the SVM-DTC, a constant switching frequency is attained. Another commonly
used method is the predictive DTC in which the desired voltage vector may be calculated
to achieve the minimum torque ripple [17]. However, the fixed duration of the desired
voltage vector is a drawback, as it limits the reduction in torque ripple that can be
attained. An improvement in this respect is proposed in [18,20] by varying the duration
of the applied voltage vector. Experimental results show a significant reduction in
torque ripple compared to the method in [17]. Although SVM-DTC and predictive DTC
mitigate the aforementioned drawbacks of the conventional DTC, the control structure
complexity and machine parameter dependency are unavoidably increased [9]. Duty

cycle control method addresses both these issues.

The duty cycle control method for PMSM drives proposed in [9, 10] employs one active
voltage vector in conjunction with a zero voltage vector within each sampling cycle to
attain torque ripple reduction. The duration of active voltage vector is calculated from
the knowledge of the rate of torque variation using various optimization techniques.
However, this method necessitates operation at a variable switching frequency. In
[61,62], a modified DTC strategy is proposed to obtain torque ripple reduction at a
constant switching frequency. An additional PI torque controller is required to regulate
the duration of the applied voltage vector. Thus, the drive performance strongly depends

on the selection of PI controller gains.

More recent research has focused on the implementation of DTC with multilevel
inverters [12, 63, 64]. Very precise control can be realized through increasing the

number of voltage vector selections available, thus reducing the torque and stator flux
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ripple [65]. In [30], the 3L-SNPC inverter uses fewer switching devices than the T-type
inverter [29,66], while maintaining a multilevel output. Therefore, it is comparatively
advantageous in low-voltage drive applications for which low harmonic distortion in
the current output waveforms is required. Moreover, the medium voltage vectors,
which are the major source of neutral point capacitor voltage imbalance for the T-type
inverter [67,68], do not exist. This results in lower neutral point voltage fluctuations,
improving the motor drive performance. However, experimental validation of the torque
ripple minimization of a DTC controlled IPMSM driven by a 3L-SNPC inverter has not

been reported.

This chapter proposes a novel strategy that is suited to the 3L-SNPC inverter. A DTC
based switching table strategy employing two voltage vectors within each sampling
cycle is proposed to reduce the torque ripple without incurring higher dv/dt levels.

Furthermore, the issue of neutral point capacitor voltage imbalance is addressed.

This chapter is organized as follows. The mathematical model of IPMSM and analysis
of the effect of stator voltage on the torque variation are presented in section 3.2. The
proposed DTC strategy is developed in section 3.3. Experimental results in section 3.4
show the effectiveness of the proposed strategy, and section 3.5 provides concluding

observations.

3.2 The Effect of Stator Voltage on the Torque Vari-
ation

The stator current, stator flux linkage and rotor flux linkage can be presented in the rotor
(d — q) and stator flux (x — y) reference frames, as shown in Figure 3.1. In the (z — y)

reference frame, the machine voltage equations and electromagnetic torque are given by
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Figure 3.1: Phasor diagram of the stator current and flux linkage in the (d — ¢) and
(x — y) reference frames

where R,
As
Ws
Vg Uy

i iy

dg
T — Rs .$ 1,
v 1y + 7
vy = Ry + Asws
3P .
Te = 7)\522,,

stator resistance

stator flux linkage

speed of the stator flux linkage vector
stator voltages in the xy—axes

stator currents in the xy—axes
electromagnetic torque

number of pole pairs
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Figure 3.2: Torque variation rate corresponding to V7,
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Figure 3.3: Torque variation rate corresponding to V7;, Vs; and Vj

The rate of torque variation can be derived from (3.1), (3.2) and (3.3) as:

T. R, 3P 3P .
i —L—qTe - 2—Lq)\5)\a coS OWye + Q_Lq (Mg sin dv, + A, cos duy) (3.4)
where L4, L, are the dg— axis inductances, 0 is the load angle, A\, = Ay + (Lg — Ly)i4

and is termed as the active flux [69], 74 is the d— axis stator current, ) is the permanent

magnet flux linkage and w,. is the electrical speed of rotor.

From (3.4), the rate of torque variation is dependent on three terms. The first two terms
on the right hand side, which are proportional to the instantaneous torque and rotor

electrical speed respectively are always negative. The third term reflects the effect of
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stator voltage on the torque variation rate. The rate of torque variation of the IPMSM
operating corresponding to different voltage vectors are illustrated in Figures 3.2 and
3.3. It can be observed from these graphs that the rate of torque variation corresponding
to Vp is always negative. In other words, the torque will always decrease whenever
Vb is applied. Furthermore, due to the first two terms on the right hand side of (3.4),
the maximum rate of torque reduction is always greater than that of torque increase,
regardless of the applied voltage vector. In addition, it can be inferred from Figures
3.2 and 3.3 that if a single voltage vector is applied over the entire sampling cycle,

significant torque variations will occur.

3.3 The Proposed DTC Strategy

The block diagram of the proposed DTC strategy is shown in Figure 3.4. The torque
and stator flux are estimated from the measured stator currents. The torque and flux
error are then calculated and fed to the hysteresis controllers. With the outputs of the
torque and flux hysteresis controllers, appropriate voltage vectors will be selected from
the switching table. The torque and stator flux are therefore directly controlled to keep
the torque and flux error within the hysteresis bands. In order to reduce the torque
ripples, a DTC strategy employing two voltage vectors within each sampling cycle is
implemented. The duration of each applied voltage vector is determined from the duty
cycle calculation block. The speed of the machine is measured, and a PI controller
which outputs the torque reference is used for the outer speed control loop. In this

section, the key aspects of proposed system are described.

3.3.1 Switching Table

The stator voltage equation of an IPMSM in the stationary (o — ) reference frame is

given by
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Figure 3.4: Block diagram of the proposed duty-cycle-control-based DTC strategy

d\
s = Ryis + — 3.5
v 1s + i 3.5)

where vg, 5 and A, are the stator voltage, current and flux linkage vectors in the

stationary (« — ) reference frame.

The stator flux linkage then can be derived as

A, = vgt — R, / isdt + As|i—o (3.6)

where Ag|;—o is the initial stator flux linkage. Equation (3.6) implies that the tip of the
stator flux linkage vector A; will move in the same direction as the applied voltage
vector, if the stator resistance is neglected. The magnitude of A4 can be increased or
decreased by selecting an appropriate voltage vector, depending on its direction of

rotation. This is illustrated in Figure 3.6.
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Figure 3.5: Six sectors of the voltage vector diagram

On the other hand, the electromagnetic torque can be expressed in terms of load angle

0, which is the angle between stator flux linkage and rotor flux linkage as

3P
4L,

T. s [2LgAfsind — (Ly — Lg) Agsin 26] (3.7)
This equation suggests that if the magnitude of stator flux linkage is kept constant, the
developed torque can be regulated by varying the load angle ¢. In other words, the
electromagnetic torque can be controlled by controlling the angular position of the
stator flux linkage vector. The load angle can be easily changed due to the fact that the

mechanical time constant is much greater than the electrical time constant.

Based on the above analysis, the proposed switching table can be developed. By
applying an appropriate voltage vector, the stator flux linkage vector can be regulated in
such a way that the amplitude is maintained constant while the torque is controlled by

varying the angle between the stator flux vector and rotor flux vector.
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Figure 3.6: Effect of the application of V;; and Vg, on the stator flux in case of torque
and flux increase

The voltage space vector of 3L-SNPC inverter can be divided into six equal sectors, S}
to Sg, of 60° each, as shown in the Figure 3.5. Sector S; spans from —30° to 30° of the
voltage vector diagram. Depending on the torque and stator flux errors, an appropriate
voltage vector can be selected. For example, if both torque and stator flux are smaller
than the reference value, the voltage vector that increases the amplitude of torque and
stator flux will be chosen. Figure 3.6 depicts the effect of the application of large and
small voltage vectors on the stator flux in case of torque and flux increase when the
stator flux vector A, lies in sector S; and is rotating counter-clockwise. A large voltage
vector Vo will be selected if a large increase in torque is required. Conversely, a small
voltage vector Vg, will be selected if a small increase in torque is required. Once the
torque exceeds its reference value, and if the stator flux needs to be increased, voltage
vector V¢ or Vsg is selected to rotate the stator flux vector in the opposite direction,

thus reducing the load angle ¢ and electromagnetic torque 7.

As mentioned in the preceding section, the high torque ripple of the DTC is a con-
sequence of the application of only one voltage vector within an entire sampling
cycle [9]. By applying a non-zero voltage vector in conjunction with a zero-voltage

vector, 1y within the sampling cycle, the torque ripple is reduced. This technique has
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Figure 3.7: A two-level flux hysteresis controller (a) and a four-level torque hysteresis
controller (b).

previously been employed for DTC two-level inverter fed drives [9, 10]. However, and
disadvantageously, the direct application of this method to multilevel inverters necessit-
ates higher dv/dt levels, negating the benefits of multilevel inverters [35]. To overcome
this issue, modified method is proposed in this paper. This is achieved by restricting
the number of allowed voltage vector combinations for any given sampling cycle. Only
two possible combinations are allowed: V7; with Vs;, and Vs; with Vj. Furthermore, the
switching pattern always begins and ends with a V; to enable a transition to adjacent

voltage vectors without incurring a high dv/dt level.

Based on the foregoing analysis, a two-level flux hysteresis controller and a four-level
torque hysteresis controller as shown in Figure 3.7, which allows for the utilization of
all voltage vectors, is proposed. The proposed switching table for the proposed DTC
drive is shown in Table 3.1. A and 7 are the hysteresis flux and torque levels respectively.
A = +1 indicates that the estimated flux is smaller than its reference value and vice

versa. The same thing applies to 7.
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Sector

S So S Sy Ss Se

+2 | Vo, Vso | Vs, Vss | Via,Vsa | Vis, Vss | Vie, Ve | Vii, Visi
+1 | Vo, Vo | Vs, Vo | Viea, Vo | Vs, Vo | Vs, Vo | Vsi, Vo
-1 Vs, Vo | Vi1, Vo | Vo, Vo | Vi3, Vo | Visu, Vo | Vs, Vo
-2 | Ve, Vise | Vi, Vsr | Voo, Visa | Vs, Vs | Via, Vsa | Vis, Vss
+2 | Vi3, Vss | Via, Visa | Vis, Viss | Vie, Vs | Vi, Vi | Vie, Vsa
+1 | Vi3, Vo | Viea, Vo | Vs, Vo | Vs, Vo | Vi1, Vo | Vs2, Vo
-1 | Vs, Vo | Ve, Vo | Vi1, Vo | Viso, Vo | Vs, Vo | Vs, Vo
-2 | Vs, Viss | Ve, Vse | Vi, Vst | Vie, Vsa | Vis, Vs | Via, Vs

+1

Table 3.1: Proposed Switching Table

! |
E Terr H Terr
1

(a) (b)

Figure 3.8: Expected typical steady-state torque response when (a) V7, is used in
conjunction with Vg; and (b) Vs; is used in conjunction with V4.

3.3.2 Duty Cycle Calculation

For a given voltage vector combination, the voltage vector with the larger magnitude is
referred to as the active vector, while the smaller is termed as the passive vector. Figure
3.8 shows the expected steady-state torque responses when V7; is used in conjunction
with Vg, and Vy; is used in conjunction with V{,. The duty cycle of each applied voltage
vector within one sampling cycle must be known. There are three methods to determine

the duration of the active and passive voltage vectors.

Method I: The duration of the active vector is determined based on the principle of
controlling the instantaneous torque to be equal to the reference value at the end of each

sampling cycle [70].
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T.(k+1) =T (3.8)

e

The duration of the active voltage vector can then be obtained as

T: - T0) — 5,7,
f=deTe)— o (3.9)

S1 — 52

where T is the reference torque, 77 is the initial value of instantaneous torque, T is
the sampling cycle, s; and s; are the instantaneous rate of torque variation of the active
and passive voltage vector respectively. The rate of torque variation in (3.9) can be

assumed to be constant within a sampling cycle [71].

Method 2: The duration of the active vector is determined based on the principle of

making the mean torque equal to the reference value over a sampling cycle [72].

(k+1)Ts

1

= / (T —T.)dt =0 (3.10)
’ kT

The duration of the active voltage vector then can be obtained as

T,
t=T, - \/ 2(Tr = T0) + 51T (3.11)

51 — S2

Method 3: The duration of the active vector is determined based on the principle of

minimizing root mean square torque ripple over a sampling cycle [71].

(k+1)Ts

1

- / (T — 1) dt — min (3.12)
kT

The duration of the active voltage vector then can be obtained as
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* 0y __
t1:2(Te 1)) — soT5 (3.13)

281 — So

The rate of torque variation can be determined accurately by using the method in [71],
and, hence the accuracy of duty cycle. However, this calculation method is dependent
on machine parameters and influenced by one-step delay [73]. Another duty cycle
determination method which is much simpler and has been proven by experimental
results is presented in [9]. The effect of machine speed has been taken into account in

this method.

In this work, the duty cycle for which the active vector is applied is determined in a
manner that minimizes the difference between 7 and 7. at the end of the sampling
cycle, and the rate of torque variation is determined using the theoretical background
described in [9]. The duty cycle D of the active voltage vector can be obtained from
(3.9) as

(Tr —T?) — s,T,

D= T (3.14)

Based on the proposed method two voltage vector combinations are possible. The
duty cycle for which the active vector is applied will differ for each combination. For
instance, with the combination of V7; as the active vector, Vg; as the passive vector, and
a hysteresis torque level equal to +2, the rate of torque variation of V;; and Vg; at zero

and rated speed are given by

S1(zero) = S0; S1(rated) = VS0 (315)

S2(zero) = 0-53(); S1(rated) = (’Y - 0-5)50 (316)

where s is the rate of torque variation at zero speed and -y is the ratio of the rate of
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torque variation at rated speed to that zero speed. The common expressions for the rate

of torque variation s; and s, are given by

1
51 = so + uwm (3.17)
Wrated
1
sy = 0.550 4 uwre (3.18)
Wrated

where w;.qcq 18 the rated speed of motor. Through substituting (3.17) and (3.18) into

(3.14) the duty cycle of the active vector is

(T —TO) — 0.5kq — kywre

D = 1
0.5k, (3.19)
where,
ko = soT5 (3.20)
—1
ky = (v >soT5 (3.21)
Wrated

A similar process can be applied for second voltage vector combination, as well as
the situation of negative hysteresis torque level. These scenarios are summarized in
Table 3.2. For the parameters listed in Table 3.2, sy and  can be easily estimated from
machine parameters using (3.4). Knowing s, and +, allows &, and k; to be determined
from (3.20) and (3.21). These control parameters need to be adjusted on-line in order to

achieve the best dynamic response.

3.3.3 Neutral Point Voltage Balancing

According to the preceding section, the small voltage vectors can be used to balance the
neutral point voltage. Since the direction of the neutral point current affects the neutral

point voltage, its information is vital. Instead of direct measurement or estimation
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Voltage vector combination | 7 D
2 (Tr —T?) — 0.5k, — kpwre
V5 and V; 0.5k,
) (Tr —=T2) + 0.5k, — kpwre
—0.5k,
+1 (Tr —TD) — kpwre
Vsi and Vo 0.5k
1 (Te* _ Teu) - kbwre
—0.5k,

Table 3.2: Duty cycle of the active vector for different voltage vector combinations

from the switching states, this paper uses a simple, yet effective method, deducing the
direction of the neutral point current from the sign of the motor power. Since the torque
and speed information is readily available, the proposed DTC algorithm uses the motor
power P, (product of torque and speed), in conjunction with the measured capacitor
voltages V1 and Vo to select the appropriate small voltage vectors. For example, if
Vs is chosen, AV = Vo1 — Vg and machine power are positive, then switching state
POO is selected. This will result in the discharging of C'; and charging of C5, thus

reducing |AVg|.

3.4 Experimental Results

The proposed DTC strategy is implemented using a Texas instruments TI F28335 digital
signal processor. The IPMSM is mechanically coupled to a DC machine acting as a
load. Experimental results are gathered using dSPACE DS1106. The corresponding
experimental setup and machine parameters are shown in appendix A. For comparison
purposes, the performance of the DTC strategy without duty cycle control is also
presented. The sampling frequency for both DTC methods is set to 10 kHz. The 3L-
SNPC inverter is implemented using SEMIKRON SK50GBB066T and SKS0GD12T4T
IGBT modules with SKHI 71 drivers, and C and C5 are each implemented using

200pF MKP type capacitors.
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Figure 3.9: Steady-state torque, stator flux, stator current and DC-link capacitor voltages
at 200 rpm under the DTC strategy (a) without and (b) with duty cycle control

3.4.1 Steady-state Performance

Figure 3.9 presents the steady-state torque responses at 200 rpm with a rated load of 6
Nm. It can be seen that the torque ripples are significantly reduced for the proposed
duty-cycle-control-based DTC strategy. Numerically, the torque ripples are reduced
by more than 50% compared to that of the DTC strategy without duty cycle control.
Noticeably, the total harmonic distortion (THD) of the stator current is smaller for

the proposed duty-cycle-control-based DTC strategy. However, this reduction is less
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significant at high operating speeds, as shown in Figure 3.10, for which the back EMF

is large compared to the applied voltage.

From Figures 3.9 and 3.10, it also can be concluded that while the capacitor voltages are
well balanced for both strategies, the latter shows smaller capacitor voltage fluctuation

at the steady state, due to lower harmonic content in the stator currents.

[es]
[es]

Torque (Nm)
(o2}

Torque (Nm)
(o2}

I
I

=
-~
=
-~

Flux (Whb)
Flux (Whb)

0 1 2 3 4 0 1 2 3 4
5 THD = 8.29% 5 THD = 8.2%
o /\/\/\/\/\ S \/\/\/\/\/
-—“j -—“j
-5 5
0 0.05 01 015 0 0.05 01 015
180 180
< <
o 160 o 160
(&) (&)
> W > et
— 140 — 140
(&) (&)
> >
120 120
0 1 2 3 4 0 1 2 3 4
Time (s) Time (s)

Figure 3.10: Steady-state torque, stator flux, stator current and DC-link capacitor
voltages at 1000 rpm under the DTC strategy (a) without and (b) with duty cycle
control.

47



CHAPTER 3. A DUTY-CYCLE-CONTROL-BASED DTC STRATEGY FOR THE
3L-SNPC INVERTER-FED IPMSM DRIVES

14

12
“foé II II II B B
206 N B N B
A RN RN NN
02
AR EEEEEEN
(@ ® @ ® @ ® @ @{m @ @O
200 400 600 200 1000
Speed (rpm)

Nm)

p

T n

W% W25% W50% @ 75% ®100%

Figure 3.11: Torque ripples at different operating speeds with 0%, 25%, 50%, 75% and
100% of rated load under the DTC strategy (a) without and (b) with duty cycle control.

Figure 3.11 illustrates the torque ripples at different operating speeds with 0%, 25%,
50%, 75% and 100% of rated load for both strategies. It can be observed that the
torque ripples are smaller for the DTC strategy with duty cycle control under all load

conditions, and therefore proving the feasibility of the proposed method.

3.4.2 Speed Transient Performance

Figure 3.12 illustrates a comparison of the dynamic speed reversal from -1000 rpm
to +1000 rpm between the DTC strategy with and without duty cycle control. While
both methods yield similar performances, the torque ripples are noticeably smaller
for the latter. Identical speed reversal duration is observed for two strategies, which
demonstrates the excellent dynamic response of the proposed algorithm. The speed,
torque, flux as well as the capacitor voltages are well regulated during transient of speed

reversal. There are transient imbalances of the capacitor voltages V-1 and Vo as shown
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Figure 3.12: Speed, torque, stator flux and DC-link capacitor voltages during speed
reversal under the DTC strategy (a) without and (b) with duty cycle control.

in the fourth subplot of Fig. 15(b). However, the imbalances are controllable since
the converging of V-1 and V5 to their average value is observed to be within tens of

milliseconds.

3.4.3 Load Transient Performance

Figure 2.15 presents the transient performance of the drive with sudden full-load

application. It can be observed that the stability of the drive is well-maintained with
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Figure 3.13: Speed, torque, flux and capacitor voltages responses when a sudden load
is applied at S00RPm under the DTC with duty cycle control.

excellent torque and flux performance. Simultaneously, the DC-link capacitor voltages

are balanced.

3.5 Conclusion

This chapter proposes a duty-cycle-control-based DTC strategy for an IPMSM driven
by a 3L-SNPC inverter. The torque ripple reduction is achieved by using two voltage

vectors within each sampling cycle. By controlling the instantaneous torque to be equal
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to its reference value, the duration of each of the applied voltage vectors is determined.
In addition, by measuring the capacitor voltages and manipulating the redundant states
of the small voltage vectors, the neutral point voltage is controlled. The experimental
results included show that the proposed duty-cycle-control-based DTC strategy achieves

better performance when compared to the non-duty cycle-based DTC strategy.
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Chapter 4

A Duty-Cycle-Control-Based PTC
Strategy for the 3L-SNPC Inverter-fed
IPMSM Drives

4.1 Introduction

In the previous chapter, a DTC strategy for [IPMSM driven by 3L-SNPC have been
proposed. This is a hysteresis control method, whereby a torque hysteresis controller and
a flux hysteresis controller are used, to directly control the electromagnetic torque and
stator flux within the hysteresis bands. Another direct control method, which recently
has received a lot of research attentions, is the predictive torque control (PTC) [74,75].
Compared to DTC, PTC has a simpler control structure, yet maintains the advantage
of a fast dynamic response [24]. The PTC algorithm is based on the concept of using
the knowledge of the stator currents and rotor speed at current state to predict the
electromagnetic torque and stator flux in the future state. Then, the most appropriate
voltage vector that minimises the predetermined cost function and hence, the torque

error is selected. However, high torque ripple levels are incurred, because of the use
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of only one voltage vector within each sampling cycle [23]. Due to the importance of
reducing torque ripple significant research effort exists in the area, largely focused on

two-level inverter fed PTC [19,21,23,76-84].

In this chapter, a PTC strategy with torque ripple reduction suitable for a 3L-SNPC
inverter-driven IPMSM is proposed. To reduce the torque ripples, a duty-cycle-control-
based PTC strategy is implemented. With the knowledge of the torque error and speed
of the motor, the duration of the application of the optimal voltage vector within one
sampling cycle is calculated. A different voltage vector is then applied for the remainder
of the sampling cycle. The voltage vectors are selected to minimize the torque ripples
and simultaneously balance the two DC-link capacitor voltages. Moreover, the motor
model used in the proposed method pertain to the stationary (o — [3) reference frame,

thereby avoiding computationally intensive rotary coordinate transformations.

This chapter is organized as follows. Section 4.2 presents the mathematical model of the
IPMSM, and design equations of the proposed PTC strategy is presented in section 4.3.
Section 4.4 presents experimental results validating the effectiveness of the proposed

strategy, and section 4.5 provides concluding remarks.

4.2 Mathematical Model of IPMSM in the stationary
(o — ) reference frame

The IPMSM is modelled in the stationary (a— () reference frame with the stator voltage

and electromagnetic torque given by

d\
s = Ryis + — 4.1
v 1s + 7 “4.1)
T, = gP (As X ig) 4.2)
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Figure 4.1: Block diagram of the proposed duty-cycle-control-based PTC strategy

where vg, 5 and A, are the stator voltage, current and flux linkage vectors in the

stationary (o — [3) reference frame.

4.3 The Proposed PTC Strategy

The block diagram of the proposed PTC strategy for IPMSM is shown in Figure 4.1.
The control algorithm consists of four main steps: stator flux estimation, stator flux
and torque prediction, cost function minimization and voltage vector selection, and
duty cycle calculation. The stator currents and motor speed are sampled at the present
sampling cycle k to predict the torque and stator flux at the next two sampling cycles
for a finite number of voltage vectors. Subsequently, the voltage vector that minimizes
the predetermined cost function is chosen and applied to the stator. However, due to

the application of the optimal voltage vector over the whole sampling cycle, the error

54



CHAPTER 4. A DUTY-CYCLE-CONTROL-BASED PTC STRATEGY FOR THE
3L-SNPC INVERTER-FED IPMSM DRIVES

between the predicted torque and the torque reference is significant. To further reduce
the torque error, a duty-cycle-control-based PTC strategy is implemented. From the
information of the torque error 1, = T — I, where T is the torque reference, the
duration of the optimal voltage vector within one sampling cycle is determined. The
optimal voltage vector is applied for that time interval while another voltage vector fills

the remainder of the sampling cycle.

4.3.1 Stator Flux Estimation

The stator flux at the current sampling cycle A," can be estimated using the stator
resistance R, and the information of the stator flux, applied voltage vector and stator

current vectors from the previous sampling cycle as
XS = AT T (v = RedMTY) (4.3)
where 75 is the sampling cycle.

4.3.2 Stator Flux and Torque Prediction

Based on the measured stator currents and estimated stator flux at the current sampling

cycle k, the stator flux at the next sampling cycle £ + 1 can be predicted as
A=A+ T (v — Riish) (4.4)

In order to predict the torque, a prediction of the stator current at sampling cycle k£ + 1
is needed, and can be obtained using
dig R . Wre 1

S G 5 (A — Lyis) + —s 4,
i~ LTI, bs) T 7V 43)
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where L, and w,. represent the stator inductance in g—axis and the electrical speed of

rotor, respectively.

By using the Euler forward method, the prediction of the stator current is derived as

R w T.

- k+1 S -k . re k .k s k

s +1_ (1 — TSL—q) s +]T3 Lq ()\S — qus ) -+ L—q’Us (46)
From (4.4) and (4.6), the torque prediction at the sampling cycle k + 1 can be calculated

as

3
T, = 5P (ABFL 5 g5 4.7)
In practical implementation, the one-step delay increases the torque ripples. By shift-
ing forward one sampling cycle for the prediction of torque, this time delay can be

compensated [23]. The torque prediction at the sampling cycle k + 2 can therefore be

calculated as

T, 2 — g P (A x 402 (4.8)

where the prediction of the stator flux )\’s““, and stator current isk” are obtained from

AT =AM+ T (0 — Rt (4.9)

S . . re . TS
i = (1 _ Tsi) e _i_stW ()\sk:Jrl _ quskJrl) ERLLINS (4.10)
Lq Lq Lq

4.3.3 Cost Function Minimization and Voltage Vector Selection

The 3L-SNPC inverter allows thirteen voltage vectors to be chosen, including V;, V;

(for 2 =0 to 6), and V. The voltage vector that minimizes the cost function J will be
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selected and applied in the next sampling cycle [23].

J =T = TF2 + kg || A — A2 (4.11)

where £, denotes the weighting factor. &k, needs to be adjusted in order to achieve the

best dynamic response. A starting point to select k¢ is given by

TT‘(Z@
oy = Lot (4.12)

>\rated

where T).,;0q and \,.4¢cq are the rated electromagnetic torque and stator flux respectively

[25].

4.3.4 Duty Cycle Calculation

The concept of duty cycle control method presented in the previous chapter are incor-
porated into the proposed PTC strategy. The duration ¢; of the optimal voltage vector

can be obtained as

Tr —T9) — 59T,

51— S2

ty =DT, = ( (4.13)
D is the duty cycle of the optimal voltage vector, 77 is the initial value of instantaneous
torque, s; and s, are instantaneous rate of torque variation of the optimal and second
voltage vector respectively. The rate of torque variation in (4.13) can be assumed to be

constant within a sampling cycle [71].

There are two possible voltage vector combinations while there are two possible signs
of the torque error. Thus, there are four possible scenarios with different duty cycles for

the optimal voltage vector. For example, with the scenario of V;; as the optimal vector,

57



CHAPTER 4. A DUTY-CYCLE-CONTROL-BASED PTC STRATEGY FOR THE
3L-SNPC INVERTER-FED IPMSM DRIVES

Vs, as the second vector, and 7, is positive, the expressions for rate of torque variation

s1 and s, are given by

—1
51 =80+ uw're 4.14)
Wrated
—1
5 = 0559+ L= 10, (4.15)
Wrated

where s is the rate of torque variation at zero speed, v is the ratio of the rate of torque
variation at rated speed to that at zero speed and w,..q 1S the rated speed of rotor.

Substituting (4.14) and (4.15) into (4.13) yields the duty cycle of the optimal voltage

vector.
(Tr — TO) — 0.5k, — kpwye
D=¢ © 4.16
0.5k, ( )
where,
ko = soT1 4.17)
—1
="V (4.18)
Wrated

A similar process can be applied for second voltage vector combination, as well as
the situation of negative torque error. These scenarios are summarized in Table 4.1.
The rate of torque variation s, and coefficient  can be estimated using (16). With the
knowledge of sy and ~, the coefficients &, and k;, can be calculated from (4.17) and
(4.18). These control parameters then need to be adjusted on-line in order to achieve

the best dynamic response.
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Voltage vector combination Terr D
.. (Tr —T?) — 0.5k, — kpwre
Vi, and V; Positive 0.5k,
TF —TY) + 0.5k, — kpwyre
Negative (T. o)t ad
e
. TF —1T7) — kpwye
Ve, and Vi Positive 050
. (T* — TU) — kbwm
N t € €
egative 05k

Table 4.1: Duty cycle of the optimal vector for different voltage vector combinations.

4.3.5 Neutral Point Voltage Balancing

For the 3L-SNPC inverter, only Vg; affects the neutral point voltage. Therefore,
whenever Vg; is applied, an appropriate switching state can be selected according
to the difference between the two capacitor voltages AV = Vo1 — Vg and the and the
sign of the machine power P,,, to reduce the imbalance. If AV > 0 and P,, > 0, the
Vs; in Group I will be selected. This will result in the discharging of C'; and charging of
(s, thus reducing |AVg|. For the case when AV > 0 and P, < 0, the Vg; in Group

II will be selected.

4.3.6 Control Flow of the Proposed PTC Algorithm

The proposed control algorithm can be summarized in the following sequence.

e Step 1: Estimate the stator flux A" from the information of A1, v,5~1 and
i, using (4.3). It is noteworthy that v,*~! is the combination of the applied

optimal voltage vector and second voltage vector.

k.

re’

e Step 2: Measure the stator current ¢,* and rotor speed w’ ; and predict the stator

flux A" and stator current ¢,""! using (4.4) and (4.6) respectively.

e Step 3: For each voltage vector, calculate the predicted the torque 7+2 and stator

flux )\sk+2 using (4.8) and (4.9). Then, calculate the cost function using (4.11).
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e Step 4: Find the smallest cost function and determine the optimal voltage vector.
Then, calculate the duration of the optimal voltage vector using equations in
Table 4.1, and determine second voltage vector. If Vg; is selected, an appropriate
switching state that reduces the difference between the two DC-link capacitor

voltages will be chosen.

e Step 5: Generate control signals. Then, return to Step 1.

4.3.7 Robustness to Parameter Variations

It is obvious that the prediction of torque and flux are dependent on the machine
parameters. To investigate the robustness of the proposed control method to machine
parameter variations, the performance of the predictive torque controller with detuning
in the stator resistance I?, and in the g—axis inductance L, are carried out. For this
investigation R, is increased above its nominal value of 100% to emulate increasing
resistance with temperature, and L, is decreased below its nominal value to mimic
saturation. Figure 4.2 shows the dynamic torque with different /2, and nominal L, while
Figure 4.3 shows the response with different L, and nominal R,. From these results,

it is apparent that the torque response is largely insensitive to parameter variations,

/é\ 6 — M'\W%

& 4 f _100% R

Q | §

% ) : —125% R 7

2 on | ‘ —150% R |
0.09 0.095 0.1 0.105 0.11

Time (s)

Figure 4.2: Simulation results of the torque dynamics with different detuning in the
stator resistance for the duty-cycle-control-based PTC strategy.
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Figure 4.3: Simulation results of the torque dynamics with different detuning in the
q—axis inductance for the duty-cycle-control-based PTC strategy

illustrating the robustness of the proposed technique.

4.4 Experimental Results

In this section, experimental results are presented to verify the steady-state and transient
performance of the proposed duty-cycle-control-based PTC. For comparison purposes,
the performance of the PTC strategy without duty cycle control is also presented.
Experimental setup and machine parameters are shown in appendix A. The sampling

frequency for both strategies is set to 10 kHz.

4.4.1 Steady-state Performance

Figure 4.4 presents the steady-state torque responses at 200 rpm with a rated load of 6
Nm. It can be seen that the torque ripples are significantly reduced for the proposed
duty-cycle-control-based PTC strategy. Numerically, the torque ripples are reduced by
more than 50% compared to that of the PTC strategy without the duty cycle control.
Noticeably, the total harmonic distortion (THD) of the stator current also is smaller for
the proposed duty-cycle-control-based PTC. These observations are consistent with

the reduction in stator flux ripples. However, this reduction is less significant at high
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Figure 4.4: Steady-state torque, stator flux, stator current and DC-link capacitor voltages
at 200 rpm under the PTC strategy (a) without and (b) with duty cycle control

operating speeds, as shown in Figure 4.5, for which the back EMF is large compared to

the applied voltage.

From Figures 4.4 and 4.5, it also can be deduced that while the capacitor voltages are
well balanced for both strategies, the duty-cycle-control-based PTC strategy shows
smaller capacitor voltage fluctuation at the steady state due to lower harmonic content

in the stator currents.

Figure 4.6 illustrates the torque ripples at different operating speeds with 0%, 25%,
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Figure 4.5: Steady-state torque, stator flux, stator current and DC-link capacitor voltages
at 1000 rpm under the PTC strategy (a) without and (b) with duty cycle control.

50%, 75% and 100% of rated load for both strategies. It can be observed that the torque
ripples are smaller for the PTC strategy with duty cycle control under all load conditions,

and therefore proving the feasibility of the proposed method.

4.4.2 Transient Performance

Figure 4.7 illustrates a comparison of the dynamic speed reversal from -1000 RPM

to +1000 PRM between the PTC strategy with and without duty cycle control. While
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Figure 4.6: Torque ripples at different operating speeds with 0%, 25%, 50%, 75% and
100% of rated load under the PTC strategy (a) without and (b) with duty cycle control.

both methods yield similar performances, the torque ripples are noticeably smaller for
the proposed duty-cycle-control-based PTC strategy. The speed, torque, flux as well
as the capacitor voltages are well regulated during transient of speed reversal. There
are transient imbalances of the capacitor voltages V-1 and V5 as shown in the fourth
subplot of Figure 4.7. However, the imbalances are controllable since the converging of

Vi1 and Vi to their average value is observed to be within tens of milliseconds.

4.5 Conclusion

In this chapter, an improved PTC strategy that reduces the torque ripples is proposed
for an [IPMSM driven from a 3L-SNPC inverter. The proposed method significantly
reduces the torque and stator flux ripples. The optimal voltage vector is initially selected
according to the PTC method. Nevertheless, the application of this voltage vector

over the whole sampling cycle inevitably increases the torque ripples. This problem
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Figure 4.7: Speed, torque, stator flux and DC-link capacitor voltages during speed
reversal for the PTC strategy (a) without and (b) with duty cycle control.

1s mitigated by the implementation of a simple duty cycle control method, whereby
the optimal voltage vector is used in conjunction with the second voltage vector. The
duration of both the applied voltage vectors are determined using the knowledge of
torque error and motor speed. Neutral point voltage balancing is incorporated into the
proposed algorithm. The experimental results show a significant improvement in the

torque ripples, thereby confirming the effectiveness of the proposed method.
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Chapter 5

A Torque-Regulator-Based DTC
Strategy for the 3L-SNPC Inverter-fed
IPMSM Drives

5.1 Introduction

The duty-cycle-control-based DTC strategy for IPMSM driven by a 3L-SNPC inverter
has been presented in chapter 3, including details of the theoretical development and
experimental verification. Compared to the non-duty-cycle-control DTC strategy, the
proposed duty-cycle-control-based DTC strategy achieves smaller torque and stator flux
ripples. However, this method necessitates operation at a variable switching frequency.
To address this issues, a torque-regulator-based DTC strategy is proposed in this chapter.
The proposed strategy employs a PI torque controller and four triangular-carriers to
attain torque ripple reduction at a constant switching frequency. Furthermore, the issue

of DC-link capacitor voltages imbalance is also addressed.

This chapter is organized as follows. Section 5.3 presents the design of the torque
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regulator. Section 5.4 presents experimental results validating the effectiveness of the

proposed strategy, and section 5.5 provides concluding remarks.

5.2 Rate of Torque Variation

In the (z — y) reference frame, the machine voltage equations and electromagnetic

torque are given by

dXg
= R. -3 5.1
v, = Rgi, + 7 (5.1)
vy = Ry + AW, 5.2)
3P .
Te = 7)\52y (53)

where, ), is stator flux linkage, w, is the speed of stator flux linkage vector, v, vy, 15, iy
are the stator voltages and stator currents in the (x — y) reference frame, 7T, electromag-

netic torque, and P number of pole pairs.

The rate of torque variation can be derived from (5.1), (5.2) and (5.3) as

T, R, 3P 3P .
7= —L—qTe — Z—Lq/\s)\a COS OWye + 2_Lq (A sin 0v, + A, cos 0vy) (5.4)
where L, L, are the dg— axis inductances, 0 is the load angle, A\, = A\f + (Lq — Ly)i4

and is termed as the active flux [69], 74 is the d— axis stator current, )y is the permanent

magnet flux linkage and w;. is the electrical speed of rotor.

It can be observed that the third right hand side term of (5.4) reflects the effect of stator
voltage on the rate of torque variation. In addition, it can be inferred that the zero
voltage vector always reduces the torque and if a single voltage vector is applied over

the entire sampling cycle, significant torque variations will occur.
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Figure 5.1: Block diagram of the proposed torque-regulator-based DTC strategy
5.3 The Proposed Strategy

The block diagram of the proposed DTC strategy is shown in Figure 5.1. The torque
and stator flux linkage are estimated from the measured stator currents. The torque and
flux error are then calculated and fed to the controllers. The flux levels are determined
by the hysteresis flux controller with knowledge of the flux error. On the other hand, the
torque levels are determined by comparing the output of PI torque controller with four
triangular-carriers. With knowledge of the torque and flux levels, an appropriate voltage
vector will be selected from the switching table. The torque and stator flux are therefore
directly controlled. The speed of the machine is measured, and a PI controller which
outputs the torque reference is used for the outer speed control loop. In this section, the
key aspects of proposed system are described including design of the torque regulator

and the guidelines for controller gains selection.

5.3.1 The Proposed Torque Regulator

The torque ripple reduction strategy proposed in this paper is to use a PI controller to
negate the large rate of torque variation. To achieve a constant switching frequency, four

periodic triangular-carriers are used. The output of the torque controller is compared to
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Figure 5.2: Hysteresis logic of the proposed torque regulator.

the triangular-carriers to determine the hysteresis logic of torque control. Figure 5.2
shows the waveform of hysteresis logic with the proposed torque controller. Within
each switching cycle, two voltage vectors (V'V's) are applied to negate the large rate
of torque variation. Depending on the output of the PI torque controller, two allowed
possible combinations are (V7;, Vs;) and (Vs;, Vi). The average rate of torque variation

can be expressed as

dTe(second VV)
dt

dTe(avg) _ DdTe(first VV)

1D
dt o =D

(5.5)
where D is the duty cycle of the first voltage vector. With an assumption that the
stator resistance R is neglected, and from the fact that the stator flux linkage is usually
controlled to be a constant, it can be inferred from (5.5) that the x—component of the
stator voltage can be approximated to be zero. Therefore, the average rate of torque

variation can be derived from (5.4) and (5.5) as

AT, avg) R, 3P
=D |- 2 (s ~Awre) A
dt |: e + 27, ( s(first VV) swre) azx

q q

Ry 3P

1-D __Te a1 s(secon - /\s re /\az 5.6
+( )[ 7, et op, (Ostsccona vy = Asore) (5.6)

69



CHAPTER 5. A TORQUE-REGULATOR-BASED DTC STRATEGY FOR THE
3L-SNPC INVERTER-FED IPMSM DRIVES

where \,, = A, cosd. For instance, when V7; and Vs, are used within one switching
cycle, the average rate of torque variation can be expressed as
AT (avg) Ry 3P |1

=——T,+—|=(D+1 - A A i
dt Lq e+2Lq 2( + )Us sWre ar (5 )

Similarly, the average rate of torque variation when Vs; is used in conjunction with Vj

can be derived as

=——T1 + — _DUS - )‘swre

dToagy R, 3P [1
. Aa 5.8
=TT g, [P e =9

5.3.2 Small-Signal Control-to-Output Transfer Function

With knowledge of the average rate of torque variation, the small-signal transfer function
of torque controller can be derived by applying small perturbations (5, ﬁ) around the

operating points (D, T), the following can be deduced

D=Dy+D (5.9)

T, =T+ T, (5.10)

Substituting (5.9) and (5.10) into (5.7) and (5.8), both instances give

-~ P>\az s
T (s) = 3 v

_EX;§§5@ (5.11)

5.3.3 PI Torque Controller

The block diagram of the proposed torque regulator is shown in Figure 5.3. K, and
K; are the proportional and integral gains of the torque PI controller respectively. The

closed loop transfer function of the torque regulator is expressed as
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Figure 5.3: Small-signal block diagram of the proposed torque regulator.

T, K (K,s + K;
G(s) = L) _ (s + K (5.12)
L) 24 (KK, + ) + KK,
where,
3P, U
K= 2" farTs 5.13
AL,T, (5-13)

From (5.12), it can be observed that the torque control loop is a second-order system.

The controller gains can be calculated as
2bw, — f—;
PTK
i 5.15
Ki — 2 .
7 (5.15)

(5.14)

where ¢ and w,, are the damping ratio and natural frequency of the system. These
parameters can be found from the overshoot (O.S%) and settling time (¢,) of the desired

transient response, using (4.16) and (5.17).

Em

O0S% =e Vi-¢€ (5.16)

by = — (5.17)

It is noteworthy that the hysteresis logic of torque control is determined by comparing
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the output of the PI torque controller (7) with the triangular-carriers. Therefore, the
absolute rate of torque variation or slope of 7, must not exceed the absolute slope of
the triangular carriers under all working conditions. Since the absolute slope of 7 is
mainly influenced by K, the following constraint must be satisfied [85]

charm’er dTe
— > max| o | K, (5.18)

The damping ratio and setting time are selected to be 0.7 and 5 ms, respectively,
resulting in nature frequency w,, = 1142.86rad/s. The gains of the PI torque controller
calculated from (4.16) and (5.17) is K, = 105 and K; = 2.2. The carrier signals with
fixed frequency of 1.5 kHz are used for the proposed algorithm. The absolute peak
value of the carriers (7},) are selected to be 250 that ensures the constraint in (5.18) is

satisfied.

5.3.4 Neutral Point Voltage Balancing

As mentioned in the previous chapters, the small voltage vectors can be used to balance
the neutral point voltage. Since the direction of the neutral point current affects the neut-
ral point voltage, its information is vital. Instead of direct measurement or estimation
from the switching states, this paper uses a simple, yet effective method, deducing the
direction of the neutral point current from the sign of the motor power. Since the torque
and speed information is readily available, the proposed torque-regulator-based DTC
algorithm uses the motor power in conjunction with the measured capacitor voltages
V1 and Vo to select the appropriate small voltage vectors. For example, if Vg is
chosen, AV and machine power are positive, then switching state POO is selected.

This will result in the discharging of C; and charging of Cs, thus reducing |AV,|.
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5.3.5 Robustness to parameter variations

It is apparent that the gains of the PI torque controller are dependent on the machine
parameters. To investigate the robustness of the proposed torque controller to machine
parameter variations, the performance of the torque controller with detuning in the stator
resistance [ and in the g—axis inductance L, are carried out. For this investigation
R, is increased above its nominal value of 100% to emulate increasing resistance with
temperature, and L, is decreased below its nominal value to mimic saturation. Figure
5.4 shows the dynamic torque with different /2, and nominal L, while Figure 5.5 shows
the response with different L, and nominal ;. From these results, it is apparent that the
torque response is largely insensitive to parameter variations, illustrating the robustness

of the proposed technique.

For any variation in R, the transfer function of the torque controller in (5.12) can be

expressed as

<2§wn — g—;) s+ w?
G(s) = - — (5.19)
52 + <2§wn + %) 5+ w2

where Ry cqr) s the real value of the stator resistance. By comparing the characteristic

Py /\\_{/\VA-\!\M\/\M
g © |

& 4} : —100%R

] ‘ s

% 2 / 125%Rs

@) j

AR - o —150%R_

0.09 0.095 0.1 0.105 0.11

Time (s)

Figure 5.4: Simulation results of the torque dynamics with different detuning in the
stator resistance for the torque-regulator-based DTC strategy.
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Figure 5.5: Simulation results of the torque dynamics with different detuning in the
g—axis inductance for the torque-regulator-based DTC strategy

equation of (5.19) and (5.12), it can be seen that the actual damping ratio in (5.19) is
increased by the term (Rs(mll) — Rs) / (2w, L,) which is usually very small, while the
natural frequency remains the same. Therefore, the overshoot is marginally reduced

while maintaining the rise time for the detuning of R, as shown in Figure 5.4.

For any variation in L, the transfer function of the torque controller can be expressed

as

G(s) = Dy [(25% - f—q) 5+ wg]

2 Lq Lq 2
54+ 28wy, + w
Lq('real) 5 n Lq(real) n

(5.20)

By comparing the denominator of (5.20) to (5.12), it can be seen that the actual damping
ratio and natural frequency are increased by a factor of (Lg(rear)/ L) 2. As a result, the

overshoot and rise time are reduced for the detuning of L, as shown in Figure 5.5.

5.4 Experimental results

In this section, experimental results are presented to verify the steady-state and transient
performance of the proposed torque-regulator-based DTC strategy. For comparison

purposes, the performance of the DTC strategy without torque regulator control is also
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presented. Experimental setup and machine parameters are shown in appendix A. The

switching frequency of the proposed strategy is 1.5 kHz while the sampling frequency

for both strategies is 10 kHz.
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Figure 5.6: Steady-state torque and stator flux at 200 rpm under the DTC strategy (a)
without and (b) with torque regulator.
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Figure 5.7: Steady-state torque and stator flux at 1000 rpm under the DTC strategy (a)
without and (b) with torque regulator.
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Figure 5.8: Stator flux and its THD at 200 rpm under the DTC strategy (a) without and
(b) with torque regulator.

5.4.1 Steady-state Performance

Figure 5.6 presents the steady-state torque responses at 200 rpm with a rated load of 6
Nm. It can be seen that the torque ripples are significantly reduced for the proposed
torque-regulator based DTC strategy. Numerically, the torque ripples are reduced by
more than 50% compared to that of the DTC strategy without the torque regulator.
However, this reduction is less significant at high operating speeds, as shown in Figure

5.7, for which the back EMF is large compared to the applied voltage.

Figure 5.8 and 5.9 illustrate the stator current and its total harmonic distortion (THD) at
200 rpm and 1000 rpm at rated load. It can be seen that the THD of the stator current
are smaller for the proposed torque-regulator-based DTC strategy. The frequency
spectrum shows the dominant harmonic at 1.5 kHz which corresponds with the switching

frequency.

Figure 5.10 shows the DC-link capacitor voltages at different operating speeds. From
Figure 5.10, it can be deduced that while the capacitor voltages are well balanced for

both strategies, the torque-regulator-based DTC strategy shows smaller capacitor voltage
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fluctuation at the steady-state due to lower harmonic content in the stator currents.
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Figure 5.9: Stator flux and its THD at 1000 rpm under the DTC strategy (a) without
and (b) with torque regulator.
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Figure 5.10: DC-link capacitor voltage at 200rpm (top) and 1000 rpm (bottom) under
the DTC strategy (a) without and (b) with torque regulator.

5.4.2 Transient Performance

The excellent dynamic response of the proposed drive can be appreciated from Figure

5.11. Figure 5.11 shows drive acceleration from -1000 rpm to +1000 rpm at no-load.
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Figure 5.11: Speed, torque, stator flux and DC-link capacitor voltages during speed
reversal from -1000 rpm to 1000 rpm under the proposed DTC strategy.

Conversely, the transient performance of the drive with sudden full-load application
is depicted in Figure 5.12. In both cases, the stability of the drive is preserved with
excellent torque and flux performance. Simultaneously, the neutral point voltage balance
is maintained. In the instance of motor acceleration in Figure 5.11, the capacitor voltages
initially deviate, before rapidly converging. Load application ostensibly has very little
effect on the neutral point voltage, as can be seen from Figure 5.12. The capacitor
voltages exhibit larger fluctuations as the load is applied, because the motor current

increases. Consequently, the larger neutral point current has a greater charging and
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Figure 5.12: Speed, torque, stator flux and DC-link capacitor voltages when a sudden
load is applied under the proposed DTC strategy.

discharging effect on the capacitors. Nevertheless, both the capacitor voltages are

balanced, within a low tolerance level.

5.5 Conclusion

In this paper, a torque-regulator-based DTC strategy was proposed for an IPMSM driven
from a 3L-SNPC inverter. Compared to the DTC strategy without torque regulator,

the proposed method significantly reduces the torque ripples and attains a constant
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switching frequency. By using a PI torque controller, a large rate of torque variation
was negated. A constant switching frequency was achieved through a simple four
periodic triangular-carriers. Neutral point voltage balancing was incorporated into the
proposed algorithm. The experimental results show a significant improvement in the

torque ripples, thereby confirming the effectiveness of the proposed method.
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Chapter 6

A SVM-Based Dead-beat Predictive
Torque Control for the 3L-SNPC
Inverter-fed IPMSM Drives

In chapter 4, a duty-cycle-control-based PTC approach have been proposed for IPMSM
driven by a 3L-SNPC inverter. The basic idea of this approach is to select one optimal
voltage vector to minimize the torque and flux errors in the next sampling cycle. To
further reduce the torque ripples, a duty cycle control is implemented. With the
knowledge of the torque error and speed of the motor, the duration of the application of
the optimal voltage vector within one sampling cycle is calculated. A different voltage
vector is then applied for the remainder of the sampling cycle. The voltage vectors are
selected to minimize the torque ripples and simultaneously balance the two DC-link
capacitor voltages. However, to realize online optimization, the effects of different
voltage vectors are iteratively calculated and compared. This implies high computational
burden since the prediction and cost function evaluation have to be done for all thirteen

voltage vectors. Furthermore, inverter switching frequency is still variable.
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To solve the afore-mentioned problems, this chapter proposes a deadbeat PTC (DB-
PTC) strategy for IPMSM drives using space vector modulation (SVM). The proposed
DB-PTC strategy maintains low computational complexity since iterative optimization
is not needed. Moreover, it fully exploits the advantage of 3L-SNPC inverter while
ensuring smooth voltage vector transition and minimizing switching losses through a
novel SVM scheme. The SVM algorithm is developed specifically for the 3L-SNPC
inverter, and that overcomes the problem of a lack of medium voltage vectors. The
algorithm involves selecting the switching sequence in a manner to assure pole voltages
can only change by one voltage level at most during each voltage vector transition.
In addition, the algorithm assures that all reference voltage vectors confined to the
hexagonal limit of the inverter can be synthesized. Further, the neutral point voltage
balancing within a low tolerance level is guaranteed, while continuously generating the

reference voltage vector.

The rest of this chapter is organized as follows: Section 6.1 presents the mathematical
model of IPMSM and the proposed DB-PTC. Then, the proposed novel SVM for 3L-
SNPC inverter is presented in section 6.2. Experimental results are shown in section
6.3 to demonstrate the effectiveness of the proposed method. Finally, the conclusion is

drawn in section 6.6.

6.1 The Proposed DB-PTC Strategy

The IPMSM can be modelled in the stationary (o — () reference frame as

dig ) . ]
L, ;t = —Ryis + jwre(As — Lyis) + vs 6.1)
A, .
7 = v, — Rstg (6.2)
3
T. = SPA x i) (6.3)
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where v, stator voltage vector with v, = [vsa ves |”
s stator current vector with 4, = [isa iss |
As stator flux linkage vector with XAy = [Xea A"

By discretizing (6.1)-( 6.3) via forward Euler method and re-writing them in scalar

forms, equations (6.4)-(6.6) can be derived.

ilsc;rl 11— %Ts _wreTS ilscoz 0 %TS )\ga TS Uf:a
— q ! T
i1 R, -k wre k ;
Zsﬁ i i WTeTs 1- L_qu Zsﬁ - Lg Ts 0 )\5/8 ! US’B
(6.4)
/\];;{_1 )\I;:a UL’:& i];a
" _ : + T, | R, . (6.5)
)‘56 i _)\55 Usp Ls
3
TH = P D - X (©©

where notations k£ and 7T represent the k—th sampling instant and the controller

sampling period, respectively.

In real-time digital control, the presence of one-step delay usually leads to increased
torque and flux ripples [23]. To compensate for this effect, the torque and flux should
be predicted for one more step, i.e. the prediction of A, and T**+2 are needed. The

torque and flux prediction at the sampling cycle k + 2 can therefore be calculated as

TH = P T - i) 6.7)
2] = JN2)2 + (V22 (6.8)

where the prediction value of the stator flux A4 *+2 and stator current 4”2 are obtained
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as
i 12 —weTy | | . 0 =Tl [N T |k
it SO R P B T B 2 ARV I DU It i
(6.9)
2\et2 Pt an k1
S — St + TS S . RS S (6‘10)
k42 k1 k+1 et 1
)\56 )\SIB Usﬁ Zsﬁ
Based on the relations 7* = T¥+2 and |\*| = |\¥+2| imposed by deadbeat technique,

k+1

M1 and o' 5 can be derived correspondingly. This is because the

Sa

the expressions of v
values of two variables can be fixed with the presence of two governing equations.
As a consequence, the desired reference voltage vector can be directly computed,
eliminating the necessity of iteratively searching for the optimal voltage vector [14].
This contributes to greatly reduce the computational burden especially for multilevel
inverter fed machine drives with numerous candidate voltage vectors. Theoretically,
the application of multiple voltage vectors to precisely synthesize the reference voltage
vector in each sampling cycle will generate much smaller torque and flux ripples
compared to the usage of only one or two voltage vectors for reference voltage vector
synthesis in the previous proposed PTC approaches. For better illustration, the derivation
of vf;L I'and 'Ufg Lare given as follows, where notations M, M5, Ny, N, are introduced

for simplicity.

My = )‘];;_1 - TsRsi];il (6.11)

My = Nt — TRt S! (6.12)
R, K41 g1, Wrels gy

N, = <1 — L—qTS) Ty — wreTszsﬁ + I, )\55 (6.13)
R, 1 g1 Wrels ki

NQ = <]_ — L—qTS) ZS,B + wreTszsa - L—q)\sa (614)
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By using the above notations, the predicted stator current at (k 4 2)—th sampling instant

is expressed as

. T ,Uk+1
M= N 4= LS
q
k+1
k2 N T sUsg
s T 1V2 L

(6.15)

(6.16)

Then, the deadbeat torque and flux governing rules are re-expressed as (6.17) and (6.18),

respectively.

3P

T* |:(]\4'1 _'_T,Uk‘+1) k+2

cT 2

(M2 + T Uk+1)

IAQ=\ﬂAﬁ+T@gﬂ2+(M§+TUHQ

From (6.17), the relation between v

k

where (i1, 15 are constants given by

k+l

and vk+1

=y, + gt

can be figured out as

e MiNy + Moy
M= %_Nl

E-n
M2_W

(6.17)

(6.18)

(6.19)

(6.20)

6.21)

Substituting (6.19) into (6.18) and re-arranging the terms, the voltage vector governing

equation is derived as
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Figure 6.1: Possible voltage vectors and voltage limit imposed by inverter.

(14 p2) (05) + 2 (My + Mgy + papin) o5+

(12 + 2Mopn + M2+ MZ — | XP) =0 (6.22)

k

Obviously, there are two solutions for vs“. The smaller solution is chosen since the

(07

larger one generally results in a synthesized voltage vector that exceeds the voltage limit

k+1 , k+1
sa ) Us/a’

of DC/AC inverter as illustrated by Figure 6.1. After the determination of v
is obtained via (6.22). Thus, the reference voltage vector is determined and will be

subsequently synthesized by SVM.

The block diagram of the proposed DB-PTC strategy is shown in Figure 6.2. The
torque and stator flux linkage are estimated from the measured stator currents. The

reference voltage vector are determined by the deadbeat predictive torque controller
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Figure 6.2: Diagram of the proposed DB-PTC strategy.

with knowledge of the torque and flux references. The reference voltage vector are then
synthesised using SVM. The speed of the machine is measured, and a PI controller

which outputs the torque reference is used for the outer speed control loop.

6.2 Proposed Space Vector Modulation

It is noteworthy that the 3L-SNPC inverter has less possible switching states than T-type
and NPC inverters. In particular, medium voltage vectors cannot be generated. This
means conventional SVM algorithms [59, 86—101], cannot be applied. So far, this issue
has been addressed only in [102], with the report of an SVM technique suited to the
3L-SNPC inverter. This involved dividing each sector of the space vector diagram
into two regions, allowing the reference voltage vector to be synthesized using three
voltage vectors in a first region, and four in a second. This inevitably means that for
some reference voltage vectors, more switching instances than necessary are required if
capacitor voltage balancing capability is maximized. In addition, operation under closed

loop control was not considered, and experimental results under only one steady-state
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Figure 6.3: Triangular regions in the first sector S; of the space voltage vector diagram
for the NPC and T-type inverters.

Figure 6.4: Regions in the first sector S; of the space voltage vector diagram for the
3L-SNPC inverter

loaded condition were presented. This is important, as the capacitor voltages may not be
balanced under all load conditions, especially during load dynamics [58]. The approach

proposed in this chapter is an advancement in all these respects.

Essentially, the SVM entails synthesizing the reference voltage vector (V. ), from the
three nearest voltage vectors that form the region in which V,.¢ is located. For the
NPC and the T-type inverters, the region resembles a triangle and there are a total of

four regions within each sector, as shown in Figure 6.3. Without loss of generality,
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Sector
St | Sz | Sz | Sa| S5 | Se
Vo |l Vol VW | Vo | Vo | W
Ry Vo1 | Vsa | Viss | Visa | Viss | Vss
Vo | Viss | Visa | Viss | Vise | Vi
Vo1 | Vsa | Viss | Visa | Viss | Vss
Ry Vo | Viss | Visa | Viss | Vise | Vst
Vii | Vie | Vis | Via | Vis | Vie

Region

R Vsa | Ves | Vsa | Vs | Vse | Vsu

Ry

Table 6.1: Voltage vectors enclosing the four regions in each sector of the 3L-SNPC
inverter

only the first sector, 51, is portrayed. Note that these regional divisions within every
sector are only made possible by the existence of the medium voltage vector, V),. As
mentioned above, this approach is inappropriate for the 3L-SNPC inverter, due to the
unavailability of medium voltage vectors. Therefore, and given the constraint that pole
voltages (v,, vy, v.) are only allowed to change by one level for every voltage vector

transition, the sector is divided as shown in Figure 6.4.

6.2.1 Region Determination

In Figure 6.4, sector .5 is chosen as an example and is divided into four regions of R,
to 4. The other sectors can be divided in the same manner using the enclosing voltage

vectors as summarized in Table 6.1.

By referring to Figure 6.4, it is seen that regions R, Ry, R3 and R, are enclosed by the
voltage vectors tabulated in the first column of table 6.1. Hence, for a given reference

voltage vector V., the determination of its region depends on its magnitude |V, |
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and phase angle 6. Define the modulation index m = g/;jdf 5 Then, the constraints that
3 C
determine the region location of V,.. are given by
3
Ri:m < V3 — . 0°<6<60° (6.23)
2 (\/§c089 + sin 9)
3 1
Ry: V3 . <m< , . 0°< 0 <30 (6.24)
2(x/§cos€+sm9) V3sinf + cosé
3 1
Rs: V3 —— <m< . 30° <0 <60 (6.25)
2 (V3 cosf +sino) 2cos0
el em< Y (0 < 9 <300
R4 : v/3 sin +-cos 6 3 cos 0+sin 6 (626)
2cis€ <m S 3c0;/§+sin0; 300 S 0 < 600

6.2.2 Duty Cycle Computation

Viep can always be expressed as a vector sum of the individual large, small and zero

voltage that parameterize the sector in which V,..; dwells.

m/o = (dl + %) 120° + (d2 + %) 1260° + (do + % + %) 0 (6.27)

where d; and d; denote the duty cycles of the large voltage vectors V; and V5, respect-
ively, d3 and d, are the duty cycles of the small voltage vectors Vs; and Vo, respectively,
while dy signifies the duty cycle of the zero vector Vj. Individual duty cycles can only
take on values in between zero and unity. Moreover, the sum of the duty cycles must

always be 1.
0 S d07d17d27d37d4 S 1 (628)

d0+d1+d2+d3—|—d4:1 (629)

Equation (6.27) can be rewritten as
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mZ0 = Dy (1£0°) 4+ Dy (1£60°) + Dy(0) (6.30)
where,
D —d + % 6.31)
d
Dy = dy + 54 (6.32)
dy d
Do = dy + 53 + 34 (6.33)

Note that (6.30) is identical to that of the two level inverter. Thus, the following

relationships apply.
ds 2
D, = — = —msi o 34
1=di+ 5 5msin (60° —0) (6.34)
Dy =d +%—imsin6’ (6.35)
2 — W2 9 - \/§ .
ds dy
Dozdo‘i‘?‘i‘?:l_Dl_DQ (6.36)

Now, the individual duty cycles are uniquely determined by the region that V.. lies in.

6.2.2.1 Region R,

If V,; lies in region R, voltage vectors Vj, Vs; and Vs, will be applied with duty

cycles dy, ds3 and dy, respectively. Consequently, d; = dy = 0 and (6.30)-( 6.36) dictate
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that
ds = “—msin (60° — 6) (6.37)
V3
dy = %m sin @ (6.38)
do=1- %m [sin (60° — ) — sin 6] (6.39)

6.2.2.2 Region R,

If V;. 1s located in region R, voltage vectors V7, Vs, and Vs, will be applied with

duty cycles dy, d3 and dy, respectively. As such, dy = dy = 0 and from (6.30)-( 6.36)

dy = %m [sin (60° — 0) +sinf] —1 (6.40)
dy =2— %m [sin (60° — 0) + 2sin 6] (6.41)
dy = %m sin @ (6.42)

6.2.2.3 Region R;

If V;..r 1s situated in region 13, voltage vectors Vi, Vi1 and Vs, will be applied with
duty cycles ds, d3 and d, respectively. As a result, dy = d; = 0 and (6.30)-( 6.36)

demand that:

dy = %m [sin (60° — 6) +sinf] — 1 (6.43)
dy — %msin (60° — 6) (6.44)
d3 =2— %m [2sin (60° — 6) + sin 6] (6.45)
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6.2.2.4 Region R,

If V.. is positioned in region I?4, voltage vectors V7,1, Vi, Vi and Vg will be applied
with duty cycles d;, ds, ds and dg4, respectively. Under this circumstance, only dy = 0
and there are only three independent equations for four independent variables. Math-
ematically, an infinite number of solutions exist. However, only those satisfying the
constraints stipulated by (6.28) and (6.29) are realizable. Thus, the duty cycles d;, ds, d3
and d, cannot be chosen at will and further mathematical manipulation is required. With

respect to (6.36), define

ds = 2\D, (6.46)

dy=2(1—)\) Dy (6.47)

where 0 < A < 1. Now, according to (6.34) and (6.35),

d
Dy > 33 (6.48)
d
Dy < 54 (6.49)
Combining (6.46)-(6.49) with (6.36) yields
1-— D1 — 2D2 Dl
N 6.50
1—D1—D2_ _1_D1_D2 ( )

Since 0 < A < 1, the following relation holds

1—D1—2D2 . Dl
0, ———— ] <A< 1, —— 6.51
mam(,l_Dl_Dz)_ _mm(71—D1—D2> (6.51)

Theoretically, any value )\ that satisfies (6.51) is realizable. However, note that (6.51) is
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a dynamic constraint, as the values D; and D, change continuously and it is improbable
that a static A\ value will satisfy (6.51) under all operating conditions. Hence, to ensure

that (6.51) is always satisfied, A is chosen as

1 1—D; —2D, . D,
A= — 0, —— 1, — 6.52
2<max<,1_D1_D2)+mzn<,1_Dl_D2>] ( )

which is the average value of its upper and lower bounds. The reason is that such an
average value tends to balance the application of Vg, and Vg, through the balancing
of their corresponding duty cycle ds and d,. Therefore, it is guaranteed that both of
the two small voltage vectors are applied with sufficient time duration during vector
transitions instead of using only one of them, respecting the smooth voltage vector

switching criteria.

The individual duty cycles d;, ds, d3 and d4 can now be simultaneously determined

from (6.34)-(6.36) ,(6.46) and (6.47) as

dy = Dy — ADy (6.53)
dy = Dy — (1 — \) Dy (6.54)
dy = 2\D, (6.55)
dy =2(1—\) Dy (6.56)

where Dy, Dy, Dy are computed by (6.34)-(6.36) using the values of m and 6.

6.2.3 Switching Sequence

To minimize the number of switching events and respect the smooth voltage vector
switching criteria [103] at every sampling instant, it is paramount for the SVM to

traverse only the adjacent voltage vectors in each region. As such, for each region 1?; to
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R4, the following switching sequence is applied.

Ri: Vo= Vsi = Vea = Vo = Vgog = Va1 = (6.57)
Ry: Vgg = Vg1 = Vi1 — Vg1 — Vo (6.58)
R3: Ve1 — Vgo = Vg = Vo — Vg (6.59)
Ry: Vo1 = Vi1 — Ver = Vo = Vg — Vo (6.60)

The foregoing analysis can be repeated for the remaining five sectors with identical

results. Their corresponding voltage vectors are shown in Table 6.1.

6.2.4 Neutral Point Voltage Balancing

The small voltage vectors are used in all the four regions and they can be applied to
balance the neutral point voltage. Whenever Vy; is applied, an appropriate switching
state can be selected according to the difference between the two capacitor voltages
AVy = Vi — Vo and the and the sign of the machine power P, to reduce the
imbalance. If AV > 0 and P,, > 0, the Vs; in Group I will be selected. This will
result in the discharging of C; and charging of Cs, thus reducing |AV(|. For the case

when AV > 0 and P, < 0, the Vs; in Group II will be selected.

6.2.5 Robustness to Parameter Variations

It is clear that the prediction of torque and flux are dependent on the machine parameters.
To investigate the robustness of the proposed control method to machine parameter vari-
ations, the performance of the predictive torque controller with detuning in the ¢—axis
inductance L, and in the stator resistance I}, are carried out. For this investigation L, is

decreased below its nominal value to mimic saturation, and F, is increased above its
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Figure 6.5: Simulation results of the torque dynamics with different detuning in the
stator resistance for the DB-PTC strategy.

~

g o

Z 4t _100% L

(0] q

& 2k 0% L |

S %L

= 0 —~——— , —80 q -
0.09 0.095 0.1 0.105 0.11

Time (s)

Figure 6.6: Simulation results of the torque dynamics with different detuning in the
g—axis inductance for the DB-PTC strategy

nominal value of 100% to emulate increasing resistance with temperature. Figure 6.5
shows the dynamic torque with different 12, and nominal L,, while Figure 6.6 shows the
response with different L, and nominal 1. From these results, it is apparent that the
torque response is largely insensitive to parameter variations, illustrating the robustness

of the proposed technique.

6.3 Experimental results

To verify the validity of the proposed method, experiments are carried out in this section.
Experimental setup and machine parameters are shown in appendix A. The sampling

frequency is set to be 4 kHz. Both the steady-state and transient experimental results
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Figure 6.7: Steady-state torque and stator flux at 200 rpm under the DB-PTC strategy.

6.4 Steady-state Performance

Firstly, the steady-state performance of the proposed DB-PTC with SVM is investigated
under the rated load of 6 Nm. The tests are carried out for both high speed operation
at 1000 rpm and low speed operation at 200 rpm. The results are shown in Figure 6.7

and 6.8, respectively. From Figure 6.7, it is observable that the motor speed, torque
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Figure 6.8: Steady-state torque and stator flux at 1000 rpm under the DB-PTC strategy.

and flux are effectively regulated by the proposed DB-PTC. Small torque and flux
ripples are achieved by the proposed method under both high speed and low speed
operations. Noticeably, the torque and flux ripples are generally higher under low speed
operations, which is common for all control approaches due to the low back EMF in low
speed region. Moreover, the capacitor voltages Vi and Vo are effectively balanced in
steady-states as depicted by the fourth subplots of Figure 6.7 and 6.8. This indicates the

effectiveness of the proposed SVM on neutral point voltage balancing.
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Figure 6.9: Torque and stator flux responses during speed reversal under the DB-PTC
strategy.

6.5 Transient Performance

To study the transient speed performance of the proposed method, speed reversal test
is carried out. The result is illustrated in Figure 6.9. It is seen from this Figure that
the speed, torque, flux as well as the capacitor voltages are well regulated during the
transient of speed reversal. Meanwhile, small torque and flux ripples are obtained.
Indeed, there are transient imbalances of the capacitor voltages Vi>; and Voo as shown

in the fourth subplot of Figure 6.9. However, the imbalances are controllable since
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Figure 6.10: Steady-state torque and stator flux at when a sudden load is applied at 600
rpm under the DB-PTC strategy.

the converging of Vi-; and V5 to their average value is observed to be within tens of

milliseconds.

Performance of the proposed SVM based DB-PTC is further examined under the
scenario of step load change. The results are shown in Figure 6.10. From this Figure, it
is visible that the proposed method achieves smooth speed, torque and flux regulation

with balanced capacitor voltages during the transient of full-load step change.
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6.6 Conclusion

A DB-PTC strategy for the 3L-SNPC inverter-fed IPMSM drives was proposed in
this chapter. The proposed strategy greatly diminishes the torque and flux ripples
through the adoption of SVM, predictions and one cycle delay compensation. It
requires neither coordinate transformation nor iterative optimization, therefore reducing
the computational burden. In addition, the advantage of 3L-SNPC inverter is fully
exploited while ensuring smooth voltage vector transition and minimizing switching
losses through a novel SVM scheme. The experimental results show small torque and

stator flux ripples, thereby confirming the effectiveness of the proposed method.
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Chapter 7

A comparison of DTC Strategies for

PMSM driven by a 3L-SNPC Inverter

7.1 Introduction

In the previous chapters, several control strategies for the 3L-SNPC inverter-fed IPMSM
drive have been presented. Detailed theoretical analysis and experimental verification
have been provided to prove the feasibility of each proposed strategy. To further study
their performances, a comparison of those strategies is carried out in this chapter. The
comparison is conducted on the basis of several criteria: torque and flux ripples, stator
current total harmonic distortions, capacitor voltage ripples, and robustness to machine

parameters.
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Figure 7.1: Torque ripples at different speeds with 0%, 25%, 50%, 75% and 100% of
rated load under the (a) DTC without duty cycle control (b) DTC with duty cycle control

(c) PTC without duty cycle control (d) PTC with duty cycle control (e) torque-regulator-
based DTC and (f) DB-PTC.

7.2 Comparative Evaluation

7.2.1 Steady-state Performance

Figures 7.1 and 7.2 show the torque and flux ripples at different speeds with 0%, 25%,
50%, 75% and 100% of rated load for all strategies. It can be seen that the torque and
flux ripple levels are very similar at low operating speed for the duty-cycle-control-
based DTC, duty-cycle-control-based PTC and torque-regulator-based DTC strategies,
for which the sampling of the controller is set to be 10 kHz. Numerically, the torque
and flux ripples are reduced by more than 50% compared to that of the DTC and PTC
strategies without duty cycle control. A similar steady-state torque and flux responses
are observed for the DB-PTC strategy. However, it is achieved with such a lower
sampling frequency at 4 kHz. At higher operating speed, the proposed duty-cycle-
control-based DTC, duty-cycle-control-based PTC and torque-regulator-control based

DTC also have identical steady-state torque and flux responses. However, compared
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Figure 7.2: Flux ripples at different speeds with 0%, 25%, 50%, 75% and 100% of rated
load under the (a) DTC without duty cycle control (b) DTC with duty cycle control (c)
PTC without duty cycle control (d) PTC with duty cycle control (e) torque-regulator-
based DTC and (f) DB-PTC.

to the DTC and PTC strategies without duty cycle control, the improvement becomes
less significant. It is mainly because of the back EMF is large compared to the applied
voltage at high operating speed. The smallest torque and flux ripples are observed for

the proposed DB-PTC strategy. Clearly, this is achieved through the adoption of SVM.

Figure 7.3 illustrates the total harmonic distortion (THD) of stator current at different
operating speeds and load conditions for all proposed strategies. It can be seen that
the THD of the stator current are similar for the proposed duty-cycle-control-based
DTC, duty-cycle-control-based PTC and torque-regulator-based DTC. Compared to the
DTC and PTC strategies without duty cycle control, the reduction in the THD of the
stator current is significant. In addition, it can be seen from Figure 7.3 that although
the sampling frequency of the DB-PTC strategy is set to be smaller than the remainder
strategies, it is still able to produce stator current with a comparable quality at low

operating speed and even better at high operating speed.
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Figure 7.3: Total harmonic distortions of the stator current at different speeds with 0%,
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Figure 7.4: Capacitor ripples at different speeds with 0%, 25%, 50%, 75% and 100%
of rated load under the (a) DTC without duty cycle control (b) DTC with duty cycle
control (c) PTC without duty cycle control (d) PTC with duty cycle control (e) torque-
regulator-based DTC and (f) DB-PTC.
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Figure 7.4 shows capacitor voltage ripples at different speeds and load conditions for
all proposed strategies. Largest capacitor voltage ripples are observed for the DTC and
PTC without duty cycle control. Despite different operating speeds and load conditions,
the capacitor voltage ripples are minimized for the remainder strategies and while not
shown in Figure 7.4, the average capacitor voltages are always maintained equal to half

the DC-link voltage of 150 V each.

7.2.2 Dynamic Performance

Figure 7.5 illustrates the dynamic torque reversal from -6 Nm to +6 Nm at zero speed
for all proposed strategies. As apparent, the torque-regulator-based DTC strategy
gives slowest dynamic torque response among all control strategies. This is due to the
nature characteristic of the PI torque controller. In contrast, identical excellent dynamic

responses are observed for the remainder strategies.

7.2.3 Robustness to Parameter Variations

It is obvious that the prediction of torque and flux of the proposed DB-PTC and PTC
with duty cycle, the gains of the PI torque controller of the torque-regulator-based
DTC, and the duty ratio determination of the DTC with duty cycle control strategy are
all dependent on the machine parameters. From the results presented in the previous
chapters, it is apparent that the torque response is largely insensitive to parameter
variations illustrating the robustness of the proposed methods. The DTC without duty
cycle control strategy are very robust to parameter variations, due to the use of simple

hysteresis controllers.
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Figure 7.5: Dynamic torque response during torque reversal under the (a) DTC without
duty cycle control (b) DTC with duty cycle control (c) PTC without duty cycle control
(d) PTC with duty cycle control (e) torque-regulator-based DTC and (f) DB-PTC.

7.3 Conclusion

A performance comparison of all proposed strategies was presented in this chapter. It
is proven that the DB-PTC strategy achieves the best steady-state performances at all
range of operating speeds while maintains an excellent dynamic response. Both the

duty-cycle-control-based DTC and PTC has a very similar performance at steady-state
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and dynamic operations. The torque ripples of those strategies are significantly reduced
compared to that of the DTC and PTC without duty cycle control at low operating
speeds. This reduction is less significant at high operating speeds. A similar steady-state
performance is achieved with torque-regulator-based DTC strategy. However, the torque

dynamic response is slower because of the presence of the PI torque controller.
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Chapter 8

Conclusions and Suggestions for

Future Works

8.1 Conclusions

In this thesis, several DTC strategies for IPMSM driven by a 3L-SNPC inverter have
been proposed. In comparison to the T-type and NPC inverters, the 3L-SNPC uses
fewer switching devices to generate a multilevel waveform. This makes the 3L-SNPC
inverter attractive for low-voltage motor drive applications. However, and to date, it
has received comparatively little research attention, particularly in relation to suitable
control strategies. The work described in this thesis addresses this shortcoming. A
summary of analytical and experiment studies carried out and conclusions drawn from

these studies are outlined in the rest of this section.

In Chapter 1, an introduction of the EV and IPMSM drives were presented. The main
control strategies including FOC, DTC and PTC for IPMSM were also briefly reviewed.
Then, a survey on the multilevel inverter topologies for motor drive applications was

studied in Chapter 2. The basic working principles and related major issues for each
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multilevel topology were also briefly presented. Since this thesis focused on the DTC of
IPMSM, a duty-cycle-control-based DTC strategy with torque ripple reduction suited
to the 3L-SNPC inverter was first proposed in Chapter 3. It utilised both torque and
flux hysteresis controllers, and employed two voltage vectors within each sampling
cycle. The duty cycle of each applied voltage vector was calculated with knowledge of
the torque error and speed of the rotor. Experimental results were shown this strategy

achieved smaller torque and flux ripple than a DTC strategy without duty cycle control.

A second proposed method is based on PTC strategies, as presented in Chapter 4. It
utilised knowledge of stator currents and rotor speed in the current state to predict
the electromagnetic torque and stator flux in the future state. Then, and accordingly,
the most appropriate voltage vector that minimised a predetermined cost function was
selected. To further reduce the torque error, the concept of duty-cycle-control was
incorporated, in addition to a neutral point balancing technique. However, this proposed
method, and that preceding, necessitate operation at a variable switching frequency. To
address this issue, a torque-regulator-based DTC and a SVM based DB-PTC strategies

were proposed.

As presented in Chapter 5, the proposed torque-regulator-based DTC strategy employed
a PI torque controller and four triangular-carriers to attain torque ripple reduction
at a constant switching frequency. The hysteresis torque levels were determined by
comparing the output of a PI torque controller with four triangular-carriers. With
knowledge of the torque and flux levels, an appropriate voltage vector was selected
allowing torque and stator flux to be directly controlled. By this method, the PI torque
controller negated large rate of torque variations, while periodic triangular-carriers were

used to achieve a constant switching frequency.

Alternatively, the proposed DB-PTC strategy achieved a constant switching frequency

through the adoption of a novel SVM, as presented in Chapter 6. The desired voltage
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vector was determined on the basis of deadbeat control and synthesized using SVM.
The proposed SVM algorithm was developed specifically for the 3L-SNPC inverter, and
overcomes the problem of a lack of medium voltage vectors for this inverter type. The
algorithm involved selecting the switching sequence in a manner to assure pole voltages
can only change by one voltage level at most during each voltage vector transition.
In addition, the algorithm assured that all reference voltage vectors confined to the
hexagonal limit of the inverter could be synthesized. With the adoption of SVM, the

torque and flux ripple levels were significantly reduced.

Finally, a comparison of all proposed strategies was undertaken in chapter 7. It was
demonstrated that the DB-PTC strategy attains excellent steady-state and dynamic
responses at all range of operating speeds and load conditions. Both the duty-cycle-
control-based DTC and duty-cycle-control-based PTC strategies had a very similar
performances. The torque ripples of those strategies were significantly reduced com-
pared to that of the DTC and PTC without duty cycle control at low operating speeds.
However, this reduction was less significant at high operating speeds. A similar steady-
state performance was attained with torque regulator based DTC strategy. Nonetheless,

the torque dynamic response was sluggish due to the presence of the PI torque controller.

All proposed strategies in this thesis represent a contribution to knowledge. The study
has resulted in the publication of two IEEE conference papers and six transactions

papers are currently under review, as shown in Appendix B.

8.2 Suggestions for Future Work

The finished work on this thesis focus on the DTC strategies for IPMSM driven by
a 3L-SNPC inverter. All proposed strategies are studied thoroughly. However, to

further exploits the advantages of the 3L-SNPC inverter for high-efficiency low-voltage
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applications, the total switching losses as well as drive efficiency must be considered and
compared to that of the T-type inverter-fed [IPMSM drives. Moreover, fault detection,
diagnostic and tolerant operation for the 3L-SNPC inverter are also important and

should be investigated in the future.
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Appendix A

Experimental Setup

The experimental setup is shown in Figure A.1. The IPMSM with Hengstler incre-
mental encoder 5000 pulses per revolution mounted on the rotor shaft is mechanically
coupled to a DC machine acting as a load. The machine parameters are shown in Table
A.1. The 3L-SNPC inverter is implemented using SEMIKRON SK50GBB066T and
SK50GD12T4T IGBT modules with SKHI 71 drivers, DC-link capacitors C; and Cy
are each implemented using 200 uF' MKP type capacitors, LEM current transducer LA
25-NP, LEM voltage transducer LV 25-P, and protection circuit, as shown in Figure A.2.
All control algorithms are implemented using a Texas Instruments TI F28335 digital
signal processor which is integrated into the development REN-F28335 super board,
as shown in Figure A.3. A signal conditioning low pass filter circuit is specifically
designed to make sure that the analogue inputs for the super board are in the range from

OV to 3V. Experimental results are gathered using dSPACE DS1106.
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APPENDIX A. EXPERIMENTAL SETUP

Figure A.1: Experimental setup

Rated power 1.5 kW
Rated torque 6 Nm
Number of pole pairs 2

Stator resistance 4.9 Q
Permanent magnet flux linkage | 0.586 Wb
d-axis inductance 0.0381 H
g-axis inductance 0.0873 H
DC link capacitors 200 pF' % 2
DC link voltage 300V

Table A.1: Parameter of the test IPMSM
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Figure A.3: Development control board and conditioning circuit
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