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ABSTRACT

This thesis focuses on the control of permanent magnet synchronous machine (PMSM) drive

systems with small dc-link capacitor.

In small dc-link capacitor-based PMSM drive systems, the dc-link voltage is subject to
fluctuations, and thus, real-time accurate dc-link voltage information is critical. This thesis
firstly analyses the challenges posed by dc-link voltage sensor faults, which can lead to
significant measurement errors and compromise control accuracy, and then proposes a robust

dc-link voltage observer to ensure accurate voltage estimation.

The thesis further investigates the influence of dc-link voltage fluctuation on high-speed
sensorless control methods, particularly the extended electromotive force (EEMF)-based
method. The results indicate that the dc-link voltage fluctuation can induce the harmonics in
the estimated rotor position error, and deteriorate the system stability. A back-EMF harmonic
suppression method is proposed to eliminate these rotor position error harmonics and enhance

the performance of the EEMF-based sensorless control strategy.

For zero and low-speed sensorless control methods, conventional methods often require the
injection of additional voltage signals to extract the rotor position information. However, in
small dc-link capacitor-based PMSM systems, the fluctuating dc-link voltage can easily lead
to insufficient voltage conditions, which can worsen the sensorless control performance or even
lead to the failure of conventional high-frequency signal injection (HFSI)-based sensorless
control methods. Two novel sensorless control methods are developed, leveraging inherent
current harmonics resulted from the dc-link voltage fluctuation, to accurately determine the
rotor position without the need for HFSI. Furthermore, a magnetic polarity detection method
which utilizes the inherent current harmonics is also proposed to improve the accuracy and

reliability of small dc-link capacitor-based PMSM drive systems under heavy load conditions.

Finally, the thesis analyzes the energy backflow phenomenon in small dc-link capacitor-based
PMSM drive systems. This is particularly prevalent at high speeds and under heavy loads, when
the amplitude of back-EMF may exceed the minimum dc-link voltage, threatening the system
stability and efficiency. Furthermore, the limitations of conventional flux-weakening (FW)
control methods under fluctuating dc-link voltage conditions are analyzed. An optimized FW
control strategy is proposed to eliminate the energy backflow and further improve the overall

system performance.
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CHAPTER 1

GENERAL INTRODUCTION

Permanent magnet synchronous machines (PMSMs) have been extensively used in industrial
and domestic applications due to high efficiency, high torque density, and excellent control
performance [ZHUO7] [WAN20A] [ZHU23]. Conventional PMSM drive systems typically
rely on large-volume capacitors to stabilize the dc-link voltage and maintain steady motor
operation. However, these large-volume dc-link capacitors have some obvious disadvantages,
including large size, heavy weight, high cost, and low reliability. Besides, the constant dc-link
voltage maintained by large-volume capacitors can cause input current distortion, and reduce
power factor (PF). Therefore, conventional PMSM drive systems require additional power
factor correction (PFC) circuits to improve power quality, but this further increases the cost

and complexity of the system, thereby reducing overall reliability [WAN20B].

Consequently, the small-volume dc-link capacitor-based PMSM drive systems have been
extensively studied for their cost-effectiveness, compactness, and extended lifespan, especially
in domestic appliances where precise control is not essential [WAN20B]. Furthermore, due to
the use of small dc-link capacitors and the omission of PFC circuits, the dc-link voltage
fluctuation increases the conduction angle of the grid side diode rectifier, which can be further
optimized to improve the PF by developing appropriate control strategies [ZHAI19A].
Therefore, replacing large-volume dc-link capacitors with smaller volume dc-link capacitors
not only improves system reliability but also reduces the overall size and cost of the drive
system. However, the reduction in capacitance to 1/50 or 1/100 of the original value
significantly decreases the energy storage capacity, which leads to difficulties in maintaining a
stable dc-link voltage. As a result, the dc-link voltage fluctuates at twice the grid frequency,
posing considerable challenges for the control of the PMSM drive systems [ZHA19A]
[WAN20B].

Therefore, this thesis will focus on the influence of dc-link voltage fluctuation on PMSM drive
systems and propose various suppression strategies to mitigate these effects. This chapter first
introduces the main PMSM topologies, modelling, and basic control strategies. Then, it reviews
the current research status of PMSM drive systems based on small dc-link capacitors. At the

end of this chapter, the research scope and contributions of this thesis are highlighted.



1.1 PM Machines

1.1.1 PM machine Topologies

The PM machines can be classified into brushless DC (BLDC) machines and brushless AC
(BLAC) machines based on their back electromotive force (back-EMF) waveform and current
excitation method. BLDC machines operate with a trapezoidal back-EMF and are driven by
square wave currents. In contrast, BLAC machines operate with a sinusoidal back-EMF and

are driven by sinusoidal currents as shown in Fig. 1.1.

Back-EMF Current
BLAC Sine current excitation
- —— |_ =
/ 3 / ! ! /
> L L . I >
\‘ II 1 |
! 1
Pp— [ < a
2 Ii‘
BLDC Squarelcurrent excitation
(a) Back-EMF (b) Current excitation

Fig. 1.1. BLDC and BLAC machines. (a) Back-EMF. (b) Current excitation.

BLAC machines can be further divided based on the placement of permanent magnet (PM).
They are categorized into configurations whether the PMs are on the rotor or the PMs are on
the stator. In configurations with PMs on the stator, the PMs are placed around the stator, which
simplifies cooling and maintenance. However, this configuration is less common in high-

performance applications due to limitations in magnetic flux interaction [CHU13].

In the most commonly used configurations with PMs on the rotor, they are classified into two
types based on rotor PM construction: surface PMSM (SPMSM) and interior PMSM (IPMSM).
SPMSMs feature PM mounted directly on the surface of the rotor, simplifying the
manufacturing process and resulting in a robust motor structure that provides high efficiency
and precise control. The surface-mounted PM in SPMSMs is typically arranged in a cylindrical
pattern around the rotor, which allows for a uniform magnetic field and smooth operation.
However, these exposed PMs are more susceptible to mechanical damage and thermal stresses,
which can limit performance at higher speeds and in demanding environments. Meanwhile,

IPMSMs have PMs embedded within the rotor, offering better mechanical protection and the



capability to generate additional reluctance torque due to salient-pole rotor structure. This
configuration enhances the performance in high-speed applications and maintains high
efficiency across a wide range of operating speeds. The internal placement of the PM in
IPMSMs also improves thermal performance and reduces the risk of demagnetization, making
them particularly suitable for applications such as electric vehicles where a broad speed range

and high torque are essential.

For topologies with PMs on the rotor, they can be further divided into four types, namely
surface-mounted, surface-inset, interior-radial, and interior-circumferential [CHUI13], as

shown in Fig. 1.2. The classification of PM machines is shown in Fig. 1.3.

(b) Surface-inset

-
c

(c) Interior-radial (d) Interior-circumferential

Fig. 1.2. Typical rotor structures of brushless PM synchronous machines [CHU13]. (a) Surface
mounted. (b) Surface-inset. (c) Interior-radial. (d) Interior-circumferential.
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Fig. 1.3. Classification of PM machines.

1.1.2 Modelling of PM Machines

For the single three-phase PMSM, mathematical modelling is important for implementing
various control strategies. To simplify the analysis, the following assumptions are made

[WAN20B]:

® The three-phase stator windings are symmetrically distributed in space, and the discrete
properties of their structure are ignored. Consequently, the armature reaction
magnetomotive force generated by the stator windings in the air gap is sinusoidal, and the
induced back-EMF is also a sinusoidal wave;

® The internal permeability of the PMs is consistent with that of air, resulting in a sinusoidal
distribution of the EMF produced in the air gap;

® |ron losses, thermal effects, and magnetic saturation effects are neglected. The rotor
permeability is considered infinitely constant;

® The influence of temperature and load effect on the PM machine parameters is disregarded,

and there is no damper winding on the rotor.

These assumptions simplify the modelling of PM machines in different reference frames, such
as the ABC reference frame [ERT94], the stationary reference frame (af0) [HU98], and the
synchronous reference frame (dq0) [CHEO3]. The relationship of these three reference frames

is shown in Fig. 1.4.



Fig. 1.4. Relationship between ABC, stationary, and synchronous reference frame.

A. Model in ABC reference frame

The symmetrical single three-phase ABC reference frame shown in Fig. 1.4 is a mathematical

model directly abstracted from the physical model of the PMSMs.

The three-phase voltage equation is shown as

[ua‘ R, 0 077ri, Pa
up| =10 Rs O|lip|+p|¥p
usl 1o 0 Rli, @, (1.1)

where u,, u,, u. are the three-phase stator voltages, R, is the phase resistance, i, iy, i, are
the three-phase stator currents, p is the derivative operator, @,, ¢,, @, are the flux linkages of

three-phase winding.

The three-phase flux linkage can be expressed by

cos 0,
Pa Laa Mab Mac ia 2
Pp| = [Mba Lpp Mbc] Ip|+ Yy COS(HT_?T)
Pc Mca Mcb Lcc ic (1'2)

2
cos(6, + 3 )

where My, = My,, My = M.y, My, = Mg, are the mutual inductance between the three-
phase windings, Lyq, Lpp, L are the self-inductance of each winding, ¥y is the PM flux-

linkage, and 6, is the rotor electrical angle.



Lga = Lso — Lgyc0s 26,

2
Lpp = Lgog — Lgyc0s 2(6, — §7r)

2
LecLsy — Lsycos 2(6, + §7T)

Mgy = Mpq =

2
My, = M., = —Mgy + M,,cos 2(0, — §n)

2
—M;o + Mg, cos 2(6, + §n)
My = M., = —Mgq + My, cos 26,

(1.3)

(1.4)

where Lsy, Lgy, Mgy and Mg, are the dc components and the second order harmonic

components of self-inductance and mutual inductance, respectively. It is worth mentioning that

there is no second-order harmonic component in the non-salient machines (SPMSMs), that is,

LSZ = MSZ = 0

B. Model in stationary reference frame

From (1.1) to (1.4), the mathematical model of IPMSMs in the ABC reference frame is very

complicated from the control perspective. Therefore, the motor model is usually transformed

into the stationary frame. According to the phase magnitude invariance method, the Clarke

transformation matrix and inverse Clarke transformation matrix are shown as

Tabc—aﬂo = §

Ta,BO—abc
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(1.5)

(1.6)

After transformation, the voltage and flux-linkage in the stationary reference frame can be

presented as

el =[5 &[] +#[o;]

(1.7)



[3Z]=[Mﬁa LMH |+ [Smer (1.8)

L _[Laa Maﬁ]_[ZL+ALcos (26,) AL sin (26,) ]
7 \Mpa Ll

AL sin (26,) XL — AL cos (26,) (1.9)
_ Ld + Lq AL = Ld - Lq

where ug, Ug, iy, ig, Pa> Pg> Laas Lpp, Map, and Mg, are the stator voltages, currents, flux-
linkages, self- and mutual- inductances in the stationary reference frame, respectively. Lgp is
the inductance matrix of aff-axis, XL and AL are the average and differential values of dg-axis

inductances, Lq, and L, are the equivalent inductances in the dg-axis.

C. Model in synchronous reference frame

From (1.8) and (1.9), the inductances in the stationary reference frame are still periodically
determined by the real-time rotor position information. For decoupling the dg-axis and
simplifying control algorithms, the Park transformation is typically used to transform the
variables in the stationary reference frame to the synchronous reference frame. The Park

transformation matrix and inverse Park transformation matrix are expressed as

T _ [ cos B, sinf,

@f-da ~ | —sin 6, cos 6, (1.11)
T _ [cos 6, —sin@,

aq-af = [sin @, cos 6, (1.12)

After Park transformation, the dg-axis voltage can be presented as

] [0 R][ld]+ [ @[, (1.13)

(pd B Ld L ”ld] f[o (1.14)

where ug, uq, iq, iy, P4, and @, represent the dg-axis stator voltages, currents and flux-
linkages in the synchronous reference frame, respectively w, is the electrical rotor speed.
Specifically, for a non-salient machine, i.e. SPMSM, L; =L, = Lg. From (1.14), the
inductances of SPMSM in the synchronous reference frame is constant and no longer

determined by the rotor position.



The electromagnetic torque in the synchronous reference frame can be presented by

3 . -
T, = Enp[q)flq + (Ld — Lq)ldlq] (1.15)
where T, is the electromagnetic torque, n,, is the number of pole pairs.

The eletromechanical dynamic characteristics can be expressed as

dwy,

T, =T, — Bwy =] —" (1.16)

where T} is the load torque, B is the damping coefficient, w,, is the mechanical rotor speed,

and / is the moment of inertia.
1.2 Field-Oriented Control

Field-oriented control (FOC), also known as vector control, is an AC motor control theory
proposed by F. Blaschke of Siemens in 1971. The basic concept of this theory is to simulate
the FOC of a DC motor by decomposing the stator current of an AC motor into two components:
the excitation component, which aligns with the rotor magnetic flux, and the torque component,
which is orthogonal to the magnetic flux. By decoupling the excitation and torque components,
the control strategy becomes more simplified, thereby enabling precise speed and torque

control of AC motors. The block diagram of FOC is shown in Fig. 1.5.

Uy
+ -
- . ,, P f
+ i ) v u;
—g—| PI}" ® 1 Pl — <, >
n . Tag-ap SVPWM *| Inverter
ld =0 - 8 fﬁpl ud u?z
> 5 —l l > > v
. £ 9" .
i iy iq
. Taﬂ—dq 3 Tabcfaﬁ i
ld P [ﬁ _ I:l.'.'
,—~

w e
d d/dt |« . Encoder ( PMSM

Fig. 1.5. Block diagram of FOC with i; = 0 control.

The commonly used methods in FOC include i; = 0 control, maximum torque per ampere
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(MTPA) control, flux weakening (FW) control, and sensorless control.

e i, =0 control strategy simplifies control algorithms by nullifying the d-axis current;

e MTPA control strategy optimizes torque output by dynamically adjusting iy and i, to
achieve maximum torque for a given current magnitude;

e FW control strategy extends the speed range of the machine by increasing i, at high speeds,
although at the cost of decreased torque capability;

e Sensorless control strategy eliminates the need for physical position sensors by estimating
rotor position and speed from terminal voltages and currents, thereby saving costs and

enhancing reliability.

These strategies are crucial for customizing PMSM performance across various applications,

balancing efficiency, torque generation, speed range, and system cost-effectiveness.

1.2.1i4z = 0 Control

The block diagram of i; = 0 control is shown in Fig. 1.5. From (1.13) and (1.14), it can be
seen that when the d-axis current is 0, the stator current vector coincides with the g-axis current
direction, and the PM flux linkage coincides with the d-axis, thus, this control method is also
called rotor flux linkage oriented control. The magnetic reluctance torque generated by the
asymmetry of the dg-axis in the electromagnetic torque is 0, and only the torque generated by
the PM remains. Therefore, the magnitude of the electromagnetic torque can only be controlled
by controlling the g-axis current. The electromagnetic torque equation is shown in (1.15),
which greatly reduces the control complexity of the motor by i; = 0. Especially in the SPMSM,
the g-axis and the d-axis are symmetrical, the magnetic reluctance torque becomes 0, and the
control is simpler. However, for IPMSM, the magnetic reluctance torque is not fully utilized,
and it is difficult for the motor to run above the rated speed, thus, this strategy is not suitable

for applications with a wide speed regulation range.

1.2.2 MPTA Control

As mentioned, with the i; = 0 control strategy, the electromagnetic torque generated by the
motor is not maximized for the IPMSM drives under the same stator current. The saliency
effect, due to the specific magnet position, results in a higher g-axis inductance compared to
the d-axis. Consequently, from (1.15), both d-axis and g-axis currents contribute to
electromagnetic torque production. To ensure high efficiency and maximum torque in [PMSM

drive systems, the MTPA control strategy is proposed to determine the optimal d-axis and g-

9



axis currents, thereby achieving the required torque with minimal current.

Assuming that the phase angle between the stator current ig and the d-axis current i; denoted

as y. The stator current vector is decoupled in the dg-axis reference frame, as shown in Fig. 1.6.

-

Fig. 1.6. Decoupling of stator current vector.

The relationship between the stator current and the dg-axis currents is derived as

{id = [gCOSY
ig = issiny (1.17)

Therefore, the electromagnetic torque can be expressed as

3 o 3 2
T, = E”p‘ﬁfls siny + an(Ld - Lq)ls sin 2y (1.18)

According to the MTPA control principle, which states that the same stator current generates
the maximum electromagnetic torque, assuming the stator current is constant, the partial

derivative of the electromagnetic torque with respect to the angle y can be obtained as follows.

oT, 3 ,
ay = an(Ld — Lq)is(2cos?y — 1) + @pcosy = 0 (1.19)

Therefore
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—g + Jw% +8(Lg — Ly)2i2

cosy = ; 1.20
4(Ld - Lq)ls ( )
Therefore, the dg-axis current can be expressed as
—@r + \/fl’,% + 8(Lq — Lg)?i?
ig = Hly = Ly) (1.21)
g = &~ a (1.22)

The relationship between the torque (electromagnetic torque, PM torque, and reluctance torque)
and y can be plotted as shown in Fig. 1.7. The PM torque reaches its maximum when the y is
90°. The electromagnetic torque initially increases and then decreases between 90° and 180°,
reaching its maximum value at an angle of MTPA. The torque generated by the PM decreases

continuously as the angle increases. The reluctance torque is maximized when y is 135°.

6
—Electromagnetic torque
—PM torque
4 ' —Reluctance torque
1
g I
& :
9 |
=2 |
g |
: 1
0 T L T
920 ¥YmTPA 120 150 180

¥ (degree)
Fig. 1.7. Relationship between torque and current angle.

The speed at which the machine is operated in the MTPA mode is called the base speed. Up to
the base speed, the speed region is called the constant torque region, and above the base speed,

the region is called the FW region. The base speed of IPMSM can be expressed by

umax

J(Ldid +9) + (Lgig)° (1.23)

Wpase =
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1.2.3 FW Control
A. Principle of FW control

When the motor runs below the base speed, the current capacity of the inverter is the main
limitation. In this case, the MTPA control is the better choice. However, when the motor runs
above the base speed, the voltage capacity of the inverter becomes the main limitation. To
obtain a wider speed regulation range, a negative d-axis current is used to generate
demagnetization flux. This demagnetization flux offsets some of the opposite flux provided by
the PMs, reduces the effective air gap flux, and widens the speed range of the IPMSM. In this
case, the maximum current and dc-link voltage need to be considered simultaneously to prevent
overcurrent and voltage saturation. The IPMSM is affected by the following constraints during
operation.

i2=i3+i2 < il (124)

Ug
Ug = /uﬁ + U2 < Upgy = Tgc (1.25)

According to (1.13), (1.14) and (1.25), if the motor speed is high enough and the stator
resistance voltage drop is small enough, then the voltage drop by the stator resistance can be
neglected. Hence, (1.25) can be approximated as

2
. . Umax
(Lala + ¢5)% + (Lgig)* < w2 (1.26)

Fig. 1.8 shows the operating characteristics of an IPMSM under FW control. The red curve
outlines the motor's trajectory through three control stages: MTPA control, FW control, and
maximum torque per voltage (MTPV) control.

The MTPA control is the first stage to optimize torque output for a given current. As illustrated
in Fig. 1.8, the red trajectory initially follows the MTPA curve from point O to point A,
maximizing torque by appropriately distributing the d-axis and g-axis currents until the current
limit circle. This stage is predominantly effective in low to medium-speed ranges. As the motor
speed increases beyond point A where the voltage limit becomes significant, the control
strategy transitions to the FW stage. This is represented in Fig. 1.8 by the red curve diverging
from point A to point B. In this phase, the d-axis current is adjusted to a negative value, which
effectively reduces the back-EMF. This reduction in back-EMF is crucial for allowing the

12



motor to operate at higher speeds within the given voltage limits. Although current limitations
still apply, the voltage limit becomes the dominant factor affecting the motor's performance. At
very high speeds, the motor reaches the maximum voltage limit, necessitating a shift to the
MTPV control stage. This stage is depicted in Fig. 1.8 as the red curve from point B to point
C. The MTPV strategy focuses on maximizing speed under voltage limitations by optimizing
the d-axis and g-axis current distributions. The primary objective here is to maintain motor
operation within the voltage limit while achieving the highest possible speed, thus extending

the operational range of the motor.

It is worth mentioning that the presence or absence of MTPV control in the tested prototype

can be attributed to the specific motor parameters. For the test prototype in this thesis, ? equal
d

to 6.25, which is less than the current limit of 10 A. Thus, the center of the voltage limit ellipse

is located inside the current limit circle as shown in Fig. 1.8. Therefore, the MTPV control can

be implemented to optimize the motor performance within the voltage limit, allowing the motor

to achieve higher speeds by appropriately adjusting the current vector.

MTPA

Voltage limit ellipses
(uy <uz<uy)

I -

-

Current limit circle

Fig. 1.8. Operating characteristics of an IPMSM under FW control.

Power
Torque /

& Power

Torque

/

Constant Torque region | Constant power region

("r
Fig. 1.9. Typical torque/speed and power/speed characteristic curves.
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B. Control strategies of FW control

Based on the ways to develop the d- and g-axis currents, the FW control methods can be
classified into three categories: feedforward control, feedback control, and hybrid control. This
section provides an overview of conventional FW control strategies, including feedforward and

feedback methods.

® Feedforward control

The concept of feedforward FW (FF-FW) control was first introduced by Morimoto et al.
[MOR90] [MOR94]. FF-FWC methods are typically model-based FW control methods,
relying on the mathematical model of PMSMs and the dc-link voltage. The reference d- and ¢-
axis current vectors can be obtained by online calculation [MOR90] [MOR94] or offline lookup
table [SHIO04].

According to Fig. 1.8, in the FF-FWC stage which is curve “AB”, the machine operates on the
intersection point of the voltage limit ellipse and current limit circle. Hence, ignoring the

resistance voltage drop, the reference d- and g-axis current can be obtained by

u .
— @ + \/( Z)l;lx)z — (quq)z

id =
Lq

(1.27)

g = 1§ —la (1.28)

FF-FWC methods are highly dependent on accurate motor parameters and operating conditions
but offer good stability and transient responses. These strategies ensure that the motor operates
within the voltage and current limits, thereby preventing saturation and instability. The block

diagram of FF-FWC methods is shown in Fig. 1.10.
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Fig. 1.10. Block diagram of FF-FWC method.

® [Feedback control

The feedback FW (FB-FW) method employs a voltage feedback controller to adjust the current

commands. Initially proposed for SPMSMs in [SON96] and later adapted for IPMSMs in

[KIM97], the voltage FB-FW method is characterized by its closed-loop structure, providing

robustness against parameter variations. This method can automatically achieve FW control

without the need for decision trees. According to [BOL14], FB-FW control can be divided into
two methods: adjusting the d-axis reference current [SON96] [KIM97] [BIAO1] [WAIO1]
[JUN14] [BOZ17] [HUO22B] [WAN23] and modifying the current lead angle [DEN19]
[BOL14]. The typical block diagram of the voltage magnitude FB-FW control based on d-axis

current control is shown in Fig. 1.11.
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+ —J
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iy ig Le
|~
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Fig. 1.11. Block diagram of the FB-FW control based on d-axis current control.
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TABLE 1.1

COMPARISON OF FF-FW AND FB-FW CONTROL [WAN19A]

FF-FW Control FB-FW Control
Control strategy Direct calculation based on Real-time adjustment based on PI
motor model controller
Implementation complexity Low High
Static performance Medium High
Dynamic performance High Medium
Adaptability Low High
Tuning requirements Low High
Stability Medium Medium
Parameter sensitivity Yes No

1.2.4 Sensorless Control

The development of sensorless control techniques for PMSMs has attracted significant
attention in recent years due to their advantages in reducing system cost, increasing reliability,
and enhancing robustness against harsh environmental conditions. Sensorless control can
achieve high performance while mitigating mechanical wear and environmental issues by
eliminating the need for physical position and speed sensors. Sensorless control techniques can
be generally categorized into fundamental model-based methods and saliency-based methods.
Fundamental model-based methods rely on mathematical models of the motor to estimate the
rotor position. These methods are effective but can be compromised by parameter variations
due to temperature changes and magnetic saturation. Saliency-based sensorless control
methods involve injecting high-frequency (HF) signals into the motor windings and analyzing
the resulting HF current response to determine the rotor position. These methods exploit the
anisotropic properties of the motor and can provide accurate rotor position estimation,
especially at zero and low-speed ranges where back-EMF is weak. A brief classification of

sensorless control techniques for PMSMs is shown in Fig. 1.12.
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Fig. 1.12. Classification of sensorless control techniques for PMSMs [WAN20A] [WU20] [ZHU23].

A. Saliency-based sensorless control methods

Due to the anisotropic properties of PMSMs, there exists geometric or magnetic saliency that
varies with rotor position. This machine saliency, being independent of rotor speed, can be
utilized for sensorless position estimation at zero and low speeds. For a salient machine such

as an [IPMSM, the inductance variation with respect to rotor position is depicted in Fig. 1.13.

Inductance

0 90 180 270 360
Rotor position (deg)

Fig. 1.13. Inductance variation against rotor position without considering armature reaction [KAN10]
[Wu20].
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Saliency-based methods are commonly used to obtain rotor position information by monitoring
the saliency at low-speed ranges for PMSM drives. According to the injected signals, the
saliency-based methods can be categorized pulsating signal injection [LIU14] [XUI6A]
[SHU22], rotating signal injection [JAN95] [DEG98] [RACI10] , square wave injection
[YOOI1], and random injection [WAN16] [WAN17A] [ZHA19D].

® HF machine model

According to the voltage equation of IPMSM in the synchronous reference frame presented in
(1.13) and (1.14). A HF signal, with the frequency much higher than the operating speed is
injected into the system, the voltage drops across the stator resistance and the terms associated

with w, can be neglected [RACO08]. Therefore, the HF voltage model of IPMSM can be
expressed by

S B A P
uqh Lan|P (1.29)

where Lgp, and Lgp, represent the HF incremental dg-axis inductances. wgp, Ugp, ign and igp
are the HF dg-axis voltages and currents. When considering the cross-coupling effect, the

above equation can be presented as

-l el

uqh Lgan th (1.30)

where Lgq, and Lgqy, are the HF mutual inductances due to the cross-coupling effect.

The HF signal injection (HFSI) methods are typically implemented within either a stationary
reference frame or an estimated synchronous reference frame. The interrelation between these

different reference frames is shown in Fig. 1.14.
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Fig. 1.14. Relationship between three reference frames.
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Then, the HF voltage model of IPMSM in the stationary reference frame can be expressed by

uﬁh] T [quh dqh]T 10+ p[ah]

Ly
_ [Lsa — Lsacos(26;) — Lagnsin (26,) —Lgqsin(26,) + Lggncos (26;)

| —Lsasin(26,) + Lagncos (26,)  Lgq + Lsqcos(26,) + Lagpsin (26,) (1.31)

*p [l:ah]

lﬁh

_ th + th
o2 (1.32)
L= Lan — Lgn

* 2 (1.33)

Then, the differential terms of HF current response in the af5-axis can be derived as

1 1
— + 7 oS (26, + 6,,) L—sin (26, + 06,,)

p [iah] n " uah]
i 1 1 Ugh
ph —sin (26, + 6,,) — ——cos (26, + 6,;,) d (1.34)

n Lp Ln

m

Lsq (1.35)

L= LanLgn — Lagn
p L. (1.36)

_ thth - L%iqh

Ly =
/Lﬁd + L2 (1.37)

where 6,, is referred to as the cross-coupling angle. It can be shown that the carrier current

response includes information about the rotor position. Ly, is the positive sequence inductance,

Ly, is the negative sequence inductance Normally, L, < L.

In a sensorless control system, where the actual rotor position is unknown, the voltage model

in (1.30) can be transformed into the estimated synchronous reference frame, as shown below.
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ﬁdh] B [th quh] _1 lan
~ =T(A8 T=*(A8 A
o] =) || e, p o
_ [Lsa = Lsacos(246;) — Lagnsin (2A6,) —Lsgsin(246,) + Lygncos (2486,.) i) (1.38)
| —Lsasin(246,) + Lygncos (206,)  Lgg + Lgqcos(246,) + Lagnsin (246,) *p lgn
Similarly, the differential terms of HF current response can be given by
1 1 1
A — + —cos (246, + 6,,) —sin (246, + 6,,) R
lan| _[Lp Ln Ly . [udh]
Pl fgn (1.39)

lon 1 1 1
a | —sin (246, + 6,,) — — —cos (246, + Hm)J

Ly, L, Ly
As shown above, the carrier current responses in the estimated synchronous reference frame
also contain rotor position information and a position error 6,, is introduced by the cross-

coupling effect.
® HFSI methods

Pulsating signal injection-based sensorless control method has been well-developed due to
their inherent advantages, including reduced computational intensity, faster dynamic response,
and intrinsic cancellation of filter lags during signal processing [RAC10]. The pulsating signal
injection-based method can be mainly divided into d-axis injection and g-axis injection. With
the d-axis voltage injection method, the introduced current ripple on the g-axis is limited,

resulting in less torque ripple. Consequently, d-axis current injection is more commonly used.

For d-axis pulsating signal injection-based sensorless control method, an additional HF

sinusoidal voltage signal is injected to the stator windings, and can be expressed as

[th] _ [cos (8) hf t)]

Vgnl = Unf (1.40)

where uy; and wys are the amplitude and frequency of the injected pulsating sinusoidal
voltage signal. The d-axis pulsating signal injection-based sensorless control method is

presented in Fig. 1.15.
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Fig. 1.15. D-axis pulsating signal injection-based sensorless control method.

Then, the carrier current responses can be expressed as follows.

1 1 1
. — + —cos (246, + 6,;,) —sin (246, + 6,;,)
p lldhl Lp Ln Ln
tan L sin 200, +0 11 os2n6, +6
l Lnsm( -+ 0,,) L, anos( - + m)J

[cos (((;)hft)]

* uhf

cos (246, + 6,,)

w L
hf * sin (wpyt)

ldhl CUhfL
lqh

sin (246, + 6,,)
whf n

[idhl _ [Ip + I,cos (246, + 6,,) e sin (nyd)
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I,sin (246, + 6,,)

[ =
P L
hftp
o=
n (,l)han

where I, and I,, are the amplitude of positive and negative HF carrier current.

(1.41)

(1.42)

(1.43)

(1.44)

(1.45)

From (1.43), it is evident that the carrier current response is amplitude modulated by the rotor

position information (assume that cross-coupling angle 8,, is constant for the given load

conditions). When the estimated position error A8, is sufficiently small, the amplitude of iqh

becomes very small. Therefore, the g-axis carrier current response (fqh) is usually used to

extract the rotor position information. To extract the rotor position information, a demodulation

process is required to filter the HF component and obtain the amplitude of the g-axis carrier

current response fq n- The block diagram of the demodulation method is shown in Fig. 1.16.
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Fig. 1.16. Demodulation of pulsating signal injection-based method.

The demodulation process can be presented as

ltan]] Lan , _ [Ip + Iycos (246, + 6,,)
l|iqh| = LPE <[ith 2 sin(wny t)> | Lsin (246, + 6,,) (1.46)
After demodulation, the amplitude of the g-axis response current can be obtained and then the

g-axis response current as the input of the position observer. When the estimated position error

A, is approaching to zero, the rotor position is obtained.

Rotating signal injection-based sensorless control method is another commonly used technique
in sensorless control. When a rotating carrier voltage signal is injected into an IPMSM, two
types of signal response can be used to estimate the saliency position: negative sequence carrier
current [RACO08] [RAC10] [BAS11] [GAB13] [MEDI15] [KIM16] [CHE16] [HOS16] [JIN18]
[SHU22] and zero sequence carrier signal [BRIOS] [GARO7] [ALM17] [XU16A] [XU16B].
Although the zero sequence component-based method can increase accuracy in the estimated
position and a larger estimation bandwidth due to its insensitivity to distortion in the injected
carrier voltage [BRIOS] [GARO7] [ALM17] [XU16A] [XU16B], it is rarely used because it
requires an additional sensor to measure the zero sequence voltage. Therefore, only the

negative sequence carrier current-based method is discussed here.

In the rotating signal injection method, a balanced HF sinusoidal voltage signal is introduced

into the stationary reference frame, as represented by

[vdh] B cos (a)hft)
Vgnl = "M | sin (wpst) (1.47)

The conventional rotating signal injection is shown in Fig. 1.17.
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Fig. 1.17. Conventional rotating signal injection-based sensorless control method.

After injection, the differential terms of carrier current responses in the stationary reference

frame can be expressed as

n]=|
p ign

After injection, the af3-axis carrier current response can be expressed as

1
—sin (26, + 6,,)

1
— + oS (26, + 6,,)
Ly

lcos (whft)l

1 _1 ins 0] (148
_sm (26- +6p) 7 —7cos (20, + 9m) sin (wpet) | (1.48)
p n

Unf .
, sin( w t+ sin(wy ¢t — 26, + 0
Lﬁh cos(a) t) + cos(ZBr + 6, — whft) (1.49)
whfL Ln
T T
l h] I,cos whft 2) I,,cos (—whft + 260, + 6, + E)
a
+
” /i
ol pysin (e - | |lsin (ot +26, + 6, +7) (1.50)
Iny = Ipej(whft—%) + Inej(—whft+zer+9m+%) ws1)

where Ij,; is HF carrier current vector. From (1.51), the carrier current response consists of two
components. The first term is a positive sequence component, which has the same frequency
as the injected carrier voltage signal, the second term is referred to as the negative sequence
component, which contains the rotor position information. Consequently, the negative

sequence component can be used to track the rotor position [RACO08].

Given the low amplitude of the negative sequence component, it is essential to filter out the
fundamental and positive sequence components from the total current response. There are two
typical demodulation methods employed for rotor position estimation. The first method is the

“Heterodyning method,” shown in Fig. 1.18(a). This method involves shifting the positive
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sequence component of the carrier current to the HF domain. This frequency shift enables the
LPF to filter out the positive sequence easily. The isolated negative sequence is then utilized
for accurate rotor position estimation [JAN9S5]. The second method is “synchronous reference
frame filter (SRFF),” as shown in Fig. 1.18(b) [DEG98] [GARO7] [RACI10]. In the SRFF
method, the signal is transformed into a synchronous reference frame, where the negative
sequence components are more readily distinguishable. By applying SRFF, the negative
sequence components are effectively separated from the positive sequence components. These
remaining negative sequence components are used to determine the rotor position information.

The detailed block diagram of the signal demodulation processes are presented in Fig. 1.18.
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(b) SRFF method [GON12] [WU20]

Fig. 1.18. Signal demodulation process for rotating signal injection-based method. (a) Heterodyning
method [JAN95]. (b) SRFF method [GON12] [WU20].

After demodulation, the negative sequence current i,, is obtained as

P Jj(2A6,46y)
bn = Ine (1.52)

o [ind] _ [Incos (246, + 6,,)
tn = = |1sin (246, + 6,,) (1.53)

Ing
Ignoring the influence of cross-coupling effect, the estimated position aligns with the actual
position after the estimated g-axis current is minimized. However, it generally requires more

complex signal demodulation processing and computational resources compared to the

pulsating signal injection-based sensorless control method.
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As discussed above, the conventional pulsating sinusoidal signal and rotating signal injection-
based sensorless control methods typically require an LPF to eliminate HF signals during the
demodulation process. However, the use of LPFs significantly limits the bandwidth of position
estimation and the dynamic response of the system. The pulsating sinusoidal voltage signal and
the rotating voltage signal are both modulated by the PWM signal, which is a square wave.
When using this method, the frequency of the injected voltage signal is inherently limited by
the characteristics of the sinusoidal modulation. However, when a pulsating square wave signal
is used for injection, it can achieve much higher frequencies. This higher frequency injection
capability is due to the nature of the square wave signal, which allows for rapid switching and
does not suffer from the same frequency limitations as sinusoidal signals. As a result, the
pulsating square wave signal injection-based method has gained popularity in recent years.
This method is advantageous because it simplifies the demodulation process, eliminating the
need for an additional LPF [WAN20A] [WU20] [ZHU23]. Square wave signals can be injected
into both the estimated synchronous reference frame [KIM12] [WAN20A] and the stationary
reference frame [YOOL11]. Using the estimated synchronous injection as an example, Fig. 1.19

shows the pulsating square wave signal injected into the estimated d-axis.

~ b B
q\
. \
\
q>, . ~
7 d
\ \ e
\ \ 4
\ e
v D ’
7’ _
N ' y G:g\}\' a
N -,
Sy A0 _ .
\\ ,/ -
L9 e,

a

Fig. 1.19. Conventional pulsating square wave signal injection in estimated d-axis.

The injected square wave voltage signal can be presented by

. ( uns halfduty
Van = {—uhf otherwise (1.54)

Then, the differential carrier current responses in the estimated reference frame can be

described as follows.
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where AT is the half cycle of the injected square wave voltage signal.

From (1.55), it is evident that the differential carrier current responses in the g-axis carries the
rotor position information. The demodulation process is similar to the pulsating sinusoidal
voltage signal injection-based sensorless control method as shown in Fig. 1.16. By using a Pl
regulator to force the g-axis HF response current to zero, the rotor position can be determined.

Meanwhile, the HFSI-based sensorless control methods mentioned above use HF voltage
signals with fixed frequency and amplitude. These fixed signals, however, are prone to
generating acoustic noise [WAN16] and electromagnetic interference (EMI) issues
[WAN17A]. To mitigate these problems, researchers have proposed methods that inject HF
signals with non-fixed frequencies or amplitudes [TAN14] [WAN16] [WAN17A]. A popular
method involves injecting random voltage signals, which broadens the spectra of the induced
currents and thus reduces noise. For example, in [WAN16], a pseudo-random HF square wave
voltage is injected into the estimated synchronous reference frame. The pseudo-random nature
of the signal helps to further alleviate noise and interference issues. By using these advanced
methods, the issues of acoustic noise and EMI in high-frequency signal injection can be
significantly reduced, leading to more efficient and quieter sensorless control systems.
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TABLE 1.2

COMPARISON OF VARIOUS SIGNAL INJECTION-BASED METHODS [WAN20A] [WU20]

[ZHU23]
Pulsating Sinsoudial Rotating Pulsating Random
Square Wave
Coordinate Stationary Estimated Stationary Estimated Estimated
synchronous synchronous synchronous

Injected signal Pulsating Pulsating Rotating Square wave Square wave
Demoudulation process Medium Medium Complex Simple Medium
Bandwidth Medium Medium Low High High
Static performance Medium Medium Low High High
Dynamic performance Medium Medium Low High High
Torque ripple Medium Medium Large Small Small
Audible noise Medium Medium Large Medium Small
Parameter sensitivity Yes No No No No

® Magnetic polarity detection

The inductance varies twice per electrical period, leading to a potential 180-degree angle
ambiguity [JANOG]. It is necessary to identify the magnetic polarity to ensure accurate starting
torque in saliency-based sensorless control methods. The fundamental principle for detecting
magnetic polarity relies on the magnetic saturation effect [SCH97]. When a positive d-axis
current is applied, it increases the saturation of the stator iron core, thereby reducing the d-axis
inductance. Conversely, a negative d-axis current decreases saturation, increasing the d-axis
inductance. Magnetic polarity can be determined through three main methods: short pulse
injection [MIKO00] [MURI12], secondary harmonics-based method [JEOO5B] [RACI10]
[XU16B], and d-axis current injection [GON13]. Fig. 1.20 shows the comparison of different
magnetic polarity detection methods.
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Fig. 1.20. Comparison of different magnetic polarity detection methods [GON12] [WU20].

® Cross-coupling compensation

Saliency-based sensorless control methods rely on the magnetic anisotropy of the motor. The
cross-coupling effect, which refers to the mutual inductance between the d-axis and g-axis of
the motor, complicates the estimation process by introducing errors in the inductances.
Specifically, the mutual inductance caused by cross-coupling distorts the d-axis and g-axis
inductances, leading to inaccuracies in rotor position estimation [BIA0S] [GUGO06] [LI09]

[SHU22] [ZHU23].

As (1.30), when considering the cross-coupling effect, the HF voltage equation can be

presented as

[th]z[th quh] [idh
Van! T \Lgan  Lan P lign (1.56)

where Lgq, and Lgqp are the HF incremental mutual inductances due to the cross-coupling

effect, and they are equal.

As (1.35), the cross-coupling angle can be expressed as

Loy (1.57)
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According to [WU20] [SHU22], cross-coupling effect compensation can be divided into two
types: offline-based compensation method [ZHUO07] [LI09] [DE10] [XU14] [WAN19B] and
online-based compensation method [REI08] [MOR21]. Oftline-based compensation methods
involve pre-calculating compensation values using offline measurements or simulations. These
methods require the motor to be characterized in a controlled environment where cross-
coupling effects are accurately measured. The resulting compensation values are stored and
used during operation to correct rotor position estimation. While this approach ensures high
accuracy due to the controlled environment, it lacks adaptability to changes in motor
parameters or operating conditions over time and requires an initial setup that can be time-

consuming.

On the other hand, online-based compensation methods dynamically adjust compensation
values during motor operations. By using real-time data to estimate and correct cross-coupling
effects, these methods allow the system to adapt to varying conditions, ensuring consistent
performance. This adaptability eliminates the need for extensive pre-characterization of the
motor, saving time and effort. However, the real-time nature of these methods introduces a
higher computational load and potential for reduced accuracy due to noise or latency in

measurement and processing systems.

In summary, offline-based compensation offers high accuracy with less computational demand
but lacks flexibility, whereas online-based compensation provides adaptability at the expense

of increased computational complexity and potential accuracy challenges.

B. Fundamental model-based sensorless control methods

As aforementioned, saliency-based sensorless control methods are effective at low and zero-
speed ranges. However, the use of injected extra signals in these methods can lead to
undesirable effects, including increased losses, torque ripples, and acoustic noise [ WAN20A]
[ZHU23]. Additionally, at higher operating speeds, the maximum output voltage of the inverter
may limit the feasibility of adding the injected signal. Thus, it is recommended to employ
saliency-based methods with signal injection only at low and zero-speed ranges [STA14]
[LEE15] [ZHA17]. Meanwhile, the fundamental model-based sensorless control methods are
more effective in high-speed regions where the back-EMF is large [ZHU23]. The basic idea of
these methods is to estimate the EMF or flux using the fundamental model and employ a
position/speed observer to accurately determine rotor position and speed. The typical rotor

position estimation process is shown in Fig. 1.21.
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Fig. 1.21. Typical rotor position estimation process of fundamental model-based methods [WAN20A]
[Wu20] [ZzHU23].

® Back-EMF-based method

The voltage equations of SPMSM in the synchronous reference frame can be expressed as

R N AN [ P
uq weLs R + pL wegof (158)
where ug, ug, ig, and igjrepresent the dg-axis stator voltages and currents in the synchronous

reference frame, resprectively. ¢y is the flux-linkages, w, is the electrical rotor speed, Ly is the

stator inductance.

In a sensorless control system, the actual rotor position is unknown. Therefore, the voltage
model in (1.58) can be transformed into the estimated synchronous reference frame as shown

below.

[ZZ] [thLp - R +pL Hldl [Ed] (1.59)
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E, —w sin A6,
E,| = %7 cosne, (1.60)
where A are the estimated variations in the estiamted reference frame.

Then, the estimated rotor position error can be obtained as

E, (1.61)

The estimated rotor position error can be directly calculated using the arctangent function, as
shown in (1.61). This error can then be minimized to zero using a position observer, such as a
phase-locked loop (PLL). When the estimated rotor position error A, approaches zero, it
indicates that the estimated rotor position is very close to the actual rotor position. This close
alignment ensures that the sensorless estimation is highly accurate, resulting in effective and
stable motor control. However, for the salient machine, such as IPMSM, the dg-axis inductance

is different. The voltage equation (1.58) can be expressed as

[ZZ] - [Rsa:IZLd Ry +pL ” ]+[we0<pf] (1.62)

where Ly, and L, are the dg-axis apparent inductances. The inductance matrix is asymmetry in
the salient machines, making it difficult to directly extract the back-EMF from the estimated
reference frame. To address this issue, [MORO02] and [CHEO3] proposed the concept of
"extended back-EMF" (EEMF) for salient machines. The EEMF model was developed to unify
the back-EMF-based sensorless control methods for both non-salient machines and salient
machines. This unified model provides a general solution that applies to all types of PMSMs,
ensuring consistent performance across different motor designs. By applying the EEMF, the

voltage equations can be expressed as

] [R +pqLd R_iepLd] [ld] [Eex] (1.63)

Eex = wepy + (Ld - Lq)(weid - piq) (1.64)

In the EEMF-based sensorless control method, the estimated reference frame is used since the

rotor position is unknown, and then the voltage equations are presented as
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[ﬁd] _ [Rs +pLg + Eq
Uy ~ | wely R +pLd E, (1.65)

E,4 —sin46, ig
[ l cosA 0, ] t Aela [iql (1.66)

where Aw, is the estimated speed error.

Assuming that the estimation error between the estimated speed and the actual speed Aw, is

sufficiently small, the position error can be expressed as

PN

E PN
Af, = tan™! (— E_d> ~ —Eq4/E,

] (1.67)

Similarly, 46, can be controlled to 0 by PLL type observer. Thus, the estimated rotor position
can be aligned with the actual rotor position. The block diagram of the EEMF-based position

observer is shown in Fig. 1.22.

5

udq Ed — = ABT )
—® R l'f.n:ﬁl/lsq FI II PI II

Uecta ) (2 pL,]

ldq

Fig. 1.22. EEMF-based position observer.

® Flux-linkage-based method

The voltage and flux-linkage of non-salient machine in the stationary reference frame can be

presented as

up :[05 Rs] [iZ]*P Zz] (1.68)
[$Z]=[Los LOSH ] [f'ZZiZ (1.69)
[Z»’ZZ] - f[g?;g: (1.70)

where Ug, Ug, iq, ig, Pa, Pp, and Ly are the stator voltages, currents, flux-linkages, and phase
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inductances in the stationary reference frame, respectively. @y, and @,p are the PM

excitation flux-linkage. The phasor diagram of flux-linkage is shown in Fig. 1.23.

Pa Pma (24
Fig. 1.23. Phasor diagram of flux-linkage [WU20].

According to (1.68) to (1.70), the rotor position can be obtained as

0, = tan™! (—(pﬁ — LSiﬁ) = tan~! (—wmﬁ>

P — Lsia Pma (1~71)
Do = J(ua — Rgig)dt (1.72)
e = J(uﬁ ~ Retg)dt (1.73)

Similarly, for a salient-pole machine, the voltage equation in the stationary reference frame can

be expressed as

Uy [Rs 0 ] [ia] Dy
= I+
ug] 0 Rllig] TP <pg] (1.74)
[<pa] _ [Laa Ma[f’] [ia] N [cos 0,
opl = Mgy, Lggllig] ™ 7 [sine, (1.75)

L _[Laa Maﬁ]_[ZL+ALcos (26,) AL sin (26,) ]
@ \Mpa Ll

AL sin (26,) XL — AL cos (26,) (1.76)
L:Ld‘l'Lq A _La—1Ly4
2 2 (1.77)

where Log, Lgg, Mgp, and Mg, are the self- and mutual- inductances in the stationary reference
frame, respectively. Lqp is the inductance matrix of af-axis, XL and AL are the average and

differential values of dg-axis inductances. As shown in (1.76), the inductance matrix's
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asymmetry makes it complex to determine the rotor position. To address this, the concept of
“active flux-linkage” was proposed in [BOLOS] and [BOLO09]. This approach unifies the
treatment of non-salient and salient machines, simplifying the flux-linkage estimation process.

The active flux-linkage can be presented by

=@r + (Ly — Lg)i
Pa q)f ( q d) d (1.78)

Therefore, the flux-linkage equation in the stationary can be expressed as
L, O7ri )
05l
Pp 0 Lgllip sin 6, (1.79)
Thus, the rotor position can be obtained by

0 = tan_l <M>
r =

Pa _Lqia (1.80)

Back-EMF-based sensorless control methods and flux-linkage-based sensorless control
methods are both based on the fundamental model of the machine. They can operate in both
the stationary reference frame and the estimated synchronous reference frame. Table 1.3 shows

the comparison of these two sensorless control methods [ZHU23].

TABLE 1.3

COMPARISON OF BACK-EMF AND FLUX-LINKAGE-BASED METHODS [ZHU23]

Back-EMF Flux-linkage

Implementation equation . di . .
ex = Uy — Rgis — Ly, d—;c @x = | (Uy — Rgig)dt — Lyiy

Speed dependency Dependent Independent
Calculation Differential Integral
Robustness to noise Low High
Dynamic performance High Low
Parameter sensitivity Yes Yes

1.3 Small DC-Link Capacitor-Based PMSM Drive Systems

1.3.1 Characteristics of Small DC-Link Capacitor-Based PMSM Drive Systems

With the advancement of power electronics technology, variable-frequency drives (VFDs) have
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become widely used in low-power domestic applications such as air conditioners, refrigerators,
and vacuum cleaners, as well as in industrial applications like fans and pumps [TAKOI]
[LAMO9] [JUN14]. Nowadays, most VFD systems employ large-volume electrolytic dc-link
capacitors to maintain a constant dc-link voltage and ensure system stability. However, the use
of large-volume electrolytic capacitors could introduce some issues such as increased size and
high cost. Additionally, stabilizing the dc-link voltage with large capacitors leads to a
significant presence of harmonics in the grid side current, which can degrade the power grid
and threaten its normal operation [ WAN20B]. To address this issue, PFC circuits are commonly
implemented to improve grid side power quality, although this further adds to the cost and size
of the drive systems [LIS05] [ZHA19A]. In response to these challenges, Japanese scholars
first proposed a drive design that uses small dc-link capacitors instead of large-volume dc-link
capacitors and cancels the PFC circuit [TAKO1]. The circuit topology structure is shown in Fig.

1.24.

PFC circuit Large dc-link capacitor

(@) Conventional PMSM drive systems

l'""l

L Ry & &K ;:“;4} AB\ it~
§ T e %ﬂf@

(b) Small dc-link capacitor-based PMSMs drive systems [TAKO1]

Small dc-link capacitor

Fig. 1.24. Topology of the PMSM drive systems. (a) Conventional PMSM drive systems. (b) Small
dc-link capacitor-based PMSMs drive systems [TAKO01].

Due to single-phase uncontrolled rectifier and small dc-link capacitor, the dc-link voltage can

be expressed as
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n
Uge = Ugeo T Z Ugek SIN(2kwgt + Qgc i)
k=1

(1.81)

where Uy o, Uge k> and @q. i are the average value, the kth order harmonic, and the phase angle

of fluctuating dc-link voltage, w, is the grid frequency.

As shown in Fig. 1.25, the grid voltage is rectified by an uncontrolled single-phase rectifier in
the small dc-link capacitor-based PMSM drive systems, resulting in a half-wave input voltage.
Therefore, the 100 Hz harmonic component is inevitably generated in the dc-link voltage.
Meanwhile, the dc-link capacitor discharges according to its discharge time constant,
transferring energy to the motor. The voltage after rectifier and the voltage in the capacitor
together affect the actual dc-link voltage. The larger value between the grid voltage and the

capacitor voltage determines the dc-link voltage as shown in Fig. 1.25.

g idc
F 4’ * - 4’
r X Leap +
ugé Uiy mcdc == \ Uge <V> Liny
A XK Ueap

Small dc-link capacitor

Fig. 1.25. Equivalent circuit of small dc-link capacitor-based PMSM drive systems.

The input voltage as shown in Fig. 1.25 can be expressed by

Uip = Asin (2wgyt) (182)

where u;;, is the input voltage, A is the amplitude of grid voltage, wy is the frequency of grid

voltage.

The voltage across a capacitor during discharge can be described by

Ucap = Upexp (—t/RCyc) (1.83)

where u.g, is the capacitor voltage, U, is the initial voltage across the de-link capacitor, R is

the equivalent resistance in the discharge path, C,. is the capacitance of the dc-link capacitor.

The time constant of a dc-link capacitor discharge process is defined as the time it takes for the

voltage across the capacitor to decrease to approximately 36.8% of its initial value. It is
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calculated as

v = RCac (1.84)

As shown in Fig. 1.25, the dc-link voltage depends on the higher value between the input
voltage and the capacitor voltage.

Uge = Max (U, ucap) (1.85)

One cycle of fluctuating dc-link voltage can be divided into three stages according to the
relationship between the input voltage and the capacitor’s terminal voltage. During Stage I, the
input voltage begins to decline, concurrently with a reduction in the capacitor’s terminal
voltage. If the capacitor’s discharge time constant is short as shown in Fig. 1.26(a), indicative
of a smaller dc-link capacitance value, the input voltage may exceed the capacitor’s terminal
voltage. During this stage, the input voltage charges the capacitor, and the dc-link voltage is
primarily determined by the input voltage. In Stage II, the input voltage descends below the
capacitor’s terminal voltage. The dc-link voltage is mainly dependent on the capacitor’s
terminal voltage. During Stage 111, the input voltage rises above the capacitor’s terminal voltage,
and the dc-link voltage is primarily influenced by the input voltage. Therefore, a harmonic in

the dc-link voltage forth the frequency of the input voltage, which is 200 Hz, is generated.

However, if the capacitance value increases, the discharge time constant is lengthened, and the
capacity of store charge is increased. Consequently, within one cycle of the fluctuating dc-link
voltage, the duration in which the input voltage exceeds the capacitor’s terminal voltage fades

as shown in Fig. 1.26.
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Fig. 1.26. dc-link voltage with different capacitance. (a) 20 uF. (b) 100 uF.
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Fig. 1.27. Ideal waveforms of grid side voltage, current and dc-link voltage [CHE22].

As shown in Fig. 1.27, in one fluctuation cycle of |ug|, the dc-link voltage can be divided into
two cases. When the input voltage is lower than the capacitor’s voltage, the diode in the
uncontrolled rectifier bridge turns off, and the turn-off angle is denoted as ¢. When the input
voltage is higher than the capacitor’s voltage, the diode in the uncontrolled rectifier bridge turns
on, and the conduction angle is defined as 8;. When the input voltage is lower than the

capacitor’s voltage, the diode is turn-off.

According to Fig. 1.27, the discharging time tg;schqarge €an be derived as

T[_Qd

tdischarge = w—g (1.84)

When the capacitor discharge ends, the voltage across the capacitor becomes equal to the input
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voltage. At this point, the dc-link voltage can be expressed as follows.

Uge1 = Ug|Sin (D] (1.85)
According to (1.82) to (1.85),

77.'—9d

sin (@) = sin(p + ;) e®sinvCac (1.86)
where C,. is the dc-link capacitance, R;,,, is the inverter equivalent input resistance.

In the diode conduction stage, i.e., 84, the capacitor’s voltage is less than the input voltage, and
the diode is turned on. In this case, the dc-link voltage and grid side current follow the
sinusoidal fluctuation of the grid side input voltage. Therefore, the current flowing through the

capacitor can be expressed as

. dicqp dlug|
leap = CdcT = Ldc dt
2Km+¢@ 2Km+ ¢ + 04
CacwyUy cos(wyt) € € ( o 5 ) (1.87)
— 9 g
= QK+ Dr+¢ QK+ Dr+o+6, KEN
—CqcwgyUy cos(wgt) t €( 5 ) o )
g g

where i, is the current flowing through the capacitor.

Therefore, the current flowing through the load resistor can be expressed as

Ugsin (wgyt) L e (ZKT[ +¢ 2Kn+ ¢ + Hd)

u R; w )
i = dc — inv g g KeN
M R L— Ugsin (wyt) ‘e ((ZK +r+¢ CQK+1)r+¢+ Hd) (1.88)
Riny Wy ’ ap

When t = WHM K € N, the rectifier diode does not conduct, and the grid side current
g

is instantly clamped to zero as shown in Fig. 1.27. Then, the grid side current should satisfies

Ugsin (wgt)

P ;. — —C U t — 0
lg = leap T liny dc@WgYyg cos(wg ) Riny (1.89)
U, sin(p + 06,;)
—Cyew,U, cos(p + 6) — =2 =0
dcWgUg ¢ T ba Riny (1.90)
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Therefore, the conduction angle ¢ can be derived as

0, =m— arctan(Cdcnginv) -

(1.91)
Combining (1.86) with (1.91),
arctan(CqcwgRiny)
sing = Cdcnginv ngszCZc e ngi(wadc
\/1 + (Cdcnginv)Z (1-92)

From the above analysis, it can be observed that when CycwgR;p,, 1s known, 8,4 and ¢ can be

determined. As shown in Fig. 1.28, assuming a load resistance of 6 Q and a grid frequency of
50 Hz, the relationship between 8,; & ¢ and the small dc-link capacitance can be established.
In the small dc-link capacitor-based PMSM drive systems, the conduction angle of the
uncontrolled rectifier diode on the grid side is larger than in conventional large-volume dc-link
capacitor-based PMSM drive systems due to the presence of small capacitance. As the
capacitance decreases, the conduction angle 8, of the uncontrolled rectifier diode increases
and the dc-link voltage follows the envelope of the grid voltage, leading to significant coupling
between the rectifier and inverter sides as shown in Fig. 1.29, which complicates the control.
In contrast, the dc-link voltage remains relatively constant in large-volume dc-link capacitor-
based PMSM drive systems, and the energy between the rectifier and inverter sides is

essentially decoupled, making the control easier.

180

—— Conduction angle —— Turn-off angle

120 A

60
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0 500 1000 1500 2000
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Fig. 1.28. Relationship between conduction angle and turn-off angle with capacitance value.
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Fig. 1.29. Power characteristics of drive system [WANZ20B].

1.3.2 Overview of Challenges and Literature Review

Given their low cost and compact size, PMSM drive systems utilizing small-volume dc-link
capacitors are widely employed in applications where high control accuracy is not critical, such
as domestic appliances. Moreover, the use of small dc-link capacitors leads to increased dc-
link voltage fluctuation. This effect has the advantage of extending the duration within a single
grid cycle during which the grid side voltage exceeds the dc-link voltage, thereby increasing
the conduction angle of the rectifier diodes [TAKO02][HAGO03] [SON15]. By employing

specific control strategies, it is possible to omit the PFC circuit and improve the system's PF.

However, the capacitance of small-volume dc-link capacitors is only about 1/50 to 1/20 that of
conventional large-volume capacitors [TAKO1] [LEE14]. This limited energy storage
capability poses challenges in maintaining stable dc-link voltage, affecting the high-
performance control of the motor. Therefore, investigating the characteristics of small-volume
dc-link capacitor-based PMSM drive systems and developing optimization strategies and
topologies to enhance their performance is of significant importance. Nowadays, universities
and research institutions such as Seoul National University, Harbin Institute of Technology,
Zhejiang University, Huazhong University of Science and Technology, Aalborg University,
and Nagaoka University of Technology have all made significant achievements in this field.
Companies like Siemens (inverters), Daikin (household inverter air conditioners), Toyota
(Prius improvements), Samsung (air purifiers), and LG (elevator-specific inverters) have begun
releasing related products. Additionally, companies such as Midea, Gree, and Haier are

developing their related products [WAN20B] [L122A]. Considering the current research focus
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and challenges in application and commercialization, the primary research areas in this field,
including high PF control strategies, grid side current harmonic suppression strategies due to
inductor-capacitor (LC) resonance, grid side current control, stability conditions and control
methods, beat phenomenon suppression techniques, overmodulation and six-step operation,
FW control optimization, sensorless control optimization, and topology optimization

techniques. An overview of current research in these areas is illustrated in Fig. 1.30.
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Fig. 1.30. Overview of current research.
1.3.3 Different Optimization Strategies

The research on small dc-link capacitor-based PMSM drive systems can be divided into
algorithm-based and topology-based methods. Algorithm-based methods include grid side and
machine-side optimization strategies, such as high PF control [TAKO1] [TAK02] [LAMI10]
[INA11] [INA13] [JUN14] [SON15] [ABE17] [ABE18] [ZHA18A] [BAO20] [ZHA21]
[LIU22], grid side current ripple suppression and stability improvements [MAH13] [LEE14]
[MAT17] [SON17] [ABE18] [WANI8B] [WANI18A] [ZHA19A] [ZHA19C] [HUO22A]
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[LI22B] [DIN22A] [LI22C] [LIU23] [DIN24B] [JIN24A] [REN24], and FOC control
optimization [JUN14] [BAO19] [DIN19] [ZHA20] [WAN20C] [HUO22B] [HUO23] [GAO23]
[WU23A] [WU23B] [LI24] [DIN24A] [JIN24B]. Topology-based optimization methods
primarily focus on using additional circuits to control dc-link voltage fluctuations. These

methods aim to enhance the structural and functional aspects of drive systems to improve

overall performance and reliability [CES11] [SHI17] [HUA21].

A. High PF control

In conventional large dc-link capacitor-based PMSM drive systems, PFC circuits manage the
dc-link voltage and grid side current, ensuring compliance with the industry requirement of a
PF above 0.95 [TAKO1] [HAGO3] [ZHA19C] [YAN21]. However, in small dc-link capacitor-
based PMSM drive systems, the limited energy storage capacity of small dc-link capacitors,
coupled with the absence of a PFC circuit, leads to insufficient energy storage capability. This
results in significant coupling between the grid side input power and the inverter power, causing
the dc-link voltage fluctuation. Conversely, this characteristic also provides an opportunity to
improve the grid side PF [WAN20B] [LI22A]. To achieve a high PF on the grid side, it is crucial

to analyze the factors influencing the PF in small dc-link capacitor-based PMSM drive systems.

The grid side PF can be expressed as

1

J1+ (THD)? (1.93)

where § is the phase difference between the grid voltage and current, cosd represents the phase

PF = cosd

shift PF, total harmonic distortion (THD) is the total harmonic distortion.

The THD can be expressed as

- = > ) 2
THD = ‘/er"15 + 3rms T Lirms T lsrms T lorms 7 X 100%

(1.94)

lirms

where i,,,ms 1S the RMS value of the nth harmonic of the grid side current.

From (1.93), it can be observed that to improve the grid side PF, the phase difference between
the grid voltage and current should be minimized, and the harmonic content of the grid side
input current should be reduced. The energy relationship from the grid side to the machine side

is examined from a power perspective to facilitate analysis.
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In a small dc-link capacitor-based PMSM drive system, the power contributions from the small
line inductance and line resistance on the grid side are negligible. Assuming the diode bridge
conduction voltage drop and inverter switching losses are also negligible, the grid input power

P

y can be expressed as the sum of the energy supplied to the dc-link capacitor Py, and the

inverter Pjy,,.

Pg:Pdc+Pinv (1.95)
The energy of dc-link capacitor can be calcultated by
dudC 2 .
Py = uchdc? = EUngC sin(26,) (1.96)
For the grid input power, the grid voltage can be expressed as
u, = U, sinf
g T9me (1.97)

where u, is the grid voltage U, is the amplitude of the grid voltage, and 6, is the phase angle
of the grid.

0, = w,t

g9 (1.98)

To improve the grid side PF and reduce the harmonics in the grid side current, the grid current
should ideally be sinusoidal and in phase with the grid voltage. Therefore, the ideal grid input

current and grid power can be expressed as

i =1,sin@
g 97 (1.99)

Pr=U,l, sin% 6
g 99 g (1.100)

where iy and P are the ideal grid current and ideal grid side power. I, is the amplitude of grid

voltage and grid current.

Thus, the ideal inverter output power P, can be expressed as

1
Pl = Uyl sin? 8, — = U2Cycw, sin(26,)

5 (1.101)

Based on (1.101), the power analysis diagram of small dc-link capacitor-based PMSM drive
systems can be plotted as shown in Fig. 1.31. Due to the small dc-link capacitor, the power of

the dc-link capacitor is low compared to the grid side power. The inverter output power is
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approximately equal to the grid side power. Therefore, the grid side PF can be effectively

improved by controlling the inverter output power to follow its ideal value.
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|—DC—link capacitor power — Grid power — Inverter powerl
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Fig. 1.31. Power analysis diagram of small dc-link capacitor-based PMSM drive systems.

[TAKO1] [TAKO2] first proposed the PF control method based on FW control to obtain the
high PF in the small dc-link capacitor-based PMSM drive system. In [SON15], the reference
dg-axis currents are redefined based on the current operating state of the motor and the
information from dc-link voltage harmonics. This approach allows for direct control of the
inverter output power, effectively managing motor torque and simultaneously suppressing grid
input current harmonics. Meanwhile, the grid current harmonics are suppressed by lowering
the d-axis current at a low dc-link voltage area in [SON17]. In [ZHA18A], the inverter power
is directly controlled to achieve an HF factor. A power feedback loop is implemented, where
the error between the actual power and the set power is processed through a PR controller and
applied to the g-axis reference current regulation. In [ABE17], two PF correction methods for
small dc-link capacitor-based PMSM drive systems are presented to achieve high PF and
reduce input current harmonics. [ABE18] proposes a direct dc-link current control method to
minimize source current harmonics without additional passive components. Both methods can

be implemented to meet the IEC 61000-3-2 standards.

B. LC resonance suppression strategies

As mentioned above, the reduced capacitance of the dc-link capacitor leads to a strong coupling
effect between the grid side and the inverter side. In practical systems, a large filter inductor
can be used on the grid side to reduce the grid side current harmonic [BIE09] [BAIl4].
However, it may also cause LC resonance issues, resulting in significant harmonic components

in the grid side current at the resonance frequency [ZHA18A] [WAN20B]. Therefore, it is
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necessary to study methods for suppressing LC resonance to improve the quality of the grid
side current. Moreover, when the inverter-motor system operates under an ideal constant power
load (CPL) condition, the input impedance of the inverter becomes negative [MAGI2]
[LEE14]. Consequently, when the dc-link voltage increases, the motor current must decrease
to maintain the constant power output of the motor. This negative interaction between voltage
and current exacerbates the grid side LC resonance, leading to system instability. If the
amplitude of the LC resonance further increases, the drive system could experience overvoltage
or overcurrent situations, potentially causing direct damage to the system. The equivalent

circuit model of the small dc-link capacitor-based PMSM drive systems is shown in Fig. 1.32.

Fig. 1.32. Equivalent circuit of the small dc-link capacitance-based PMSM drive systems.

The grid side voltage and grid side current i, can be expressed as

_ dig R
ug = ‘QE-I_ glg +udc (1102)
lg = lcap T liny (1.103)

The inverter input current i;,,, can be expressed as [LEE14] [MAT17] [WANI18A] [WAN20B]

Py Py

Uge  Ugep + Mg, (1.104)

iinv -
where P, is the load power, ug.o is the average value of the dc-link voltage, and Aug,

represents the small-signal variation of the dc-link voltage.

According to [LEE14] [MAT17] [WAN18A] [WAN20B], after linearizing (1.104), the inverter

input current can be presented by

P, P P,

i = Aud = +KAud
M Uugeo Ui C Uaco ‘ (1.105)

The current flow through the dc-link capacitor can be expressed as
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lcap = Cdc dt (1106)

Combining (1.102) with (1.106), the grid side characteristic equation of the drive system can

be expressed as

R P 1 P, P
SZ+<—g— LZ >S+ 1- gg)=0
Ly Cacugeo LyCqc Ugc,o (1.107)

According to the Routh-Hurwitz criterion, the stability condition for the grid side of the drive
system requires that all the coefficients of the characteristic equation must be positive, and the
first column of the Routh array must not change sign. Thus, the stability condition for the drive

system can be obtained as

PP,
)
udc,O

Ry P -0 (1.108)
Lg CdCu(ZIC,O

1 >0

The first condition of (1.108) is usually easy to satisfy, because

UGeo » PP,

(1.109)
The second condition can be expressed as
Cac L,
—_— > >
P, Ryuge, (1.110)

From (1.110), it can be seen that the stability of the drive system is related to the grid side filter
inductance, equivalent resistance, motor power, and the dc-link capacitance. For small dc-link
capacitor-based PMSM drive systems, the dc-link capacitance value can be reduced to 1/50 to
1/20 of that in the conventional PMSM drive system. As a result, the stability of the system is
significantly affected. When the dc-link capacitance value changes, the pole distribution of the
drive system's characteristic equation is shown in Fig. 1.33(a) [WANI8B] [ZHA19A]
[ZHA19C]. It shows that as the capacitance value decreases, the poles of the characteristic
equation shift from the left half-plane to the right half-plane, reducing the system's damping.
This shift can potentially cause the drive system to transition from a stable state to an unstable
one. From (1.110), it is evident that while increasing the grid side filter inductance theoretically

reduces grid side current harmonics, it also affects the stability of the drive system. In practice,
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the LC resonance induced by the filter inductance can lead to a notable increase in grid side
current harmonics, thereby affecting the quality of the grid side current. The LC resonance

frequency w5 can be expressed as follows.

1
LyCac (1.111)

Wres =

where w,eg 18 the LC resonance frequency.

The Bode plot of the drive system, as shown in Fig. 1.33(b) [WAN18B] [ZHA19A] [ZHA19C],
indicates a significant resonance peak near the resonance frequency. This peak causes the grid
side current harmonics at the resonance frequency to exceed acceptable levels, failing to meet
harmonic standards. Therefore, it is essential to investigate methods for suppressing LC

resonance to mitigate its adverse effect.
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Fig. 1.33. Stability analysis of the drive system. (a) Pole distribution. (b) Bode diagram [WAN18B]
[ZHA19A] [ZHA19C].

LC resonance in small dc-link capacitor-based PMSM drive systems occurs due to insufficient
system damping. To suppress LC resonance, system damping can be increased typically by
introducing power resistors on the grid side. Currently, LC resonance suppression techniques
are broadly categorized into two types: passive damping control methods [DRA18] and active
damping control methods [BIE09] [CES11] [MAHI13] [LEE14] [BAIl4] [WANI18A]
[ZHA19A] [ZHA19C] [DIN22A] [L122B] [L122C] [JIN24A]. Passive methods involve adding
damping circuits, such as resistors and capacitors to meet the specific system requirements,
which can increase size and cost and potentially reduce reliability by altering circuit topology.
Active damping control methods, on the other hand, are achieved by introducing virtual
resistors, which emulate the effect of actual power resistors, thereby suppressing grid side LC

resonance through equivalent input impedance.
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(b) Equivalent damping current with virtual resistors
Fig. 1.34. Circuit schematic of LC resonance suppression strategy based on active damping control
method. (a) Diagram of equivalent circuit of drive system with virtual resistors. (b) Diagram of

equivalent damping current with virtual resistors.

According to Fig. 1.34, the grid side voltage and current equations are derived as

di,
ug = Lg_ + Rglg + Uge

dt (1.112)
ig = icap + lipy + idamp (1.113)
Combining (1.105) with (1.113), the inverter input current can be presented by
du P P, Uge — U
ig = CdC dc + L - 2L Audc + —dC g
dat Udco Ugepo Raamp (1.114)

Combining (1.114) with (1.112), the transfer function of grid side voltage and current can be

expressed as

% _ LgS + (Rg + Rdamp)
u L,RaampPL RyRdampPL
g L‘gcchdampS2 + (Cchngamp + Lg - %) s+ (Rg + Rdamp - %) (1115)
c, c,

Then, the stability condition for the drive system can be obtained as [LEE14]
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L,P,
(Cchg - ﬁ) Rgamp + Ly > 0
c,

R, P, (1.116)
Ry+(1— ug—)Rdamp >0
dc,0
It can be seen that after introducing virtual resistors, both conditions in (1.116) are easily

satisfied, indicating that this method effectively enhances the stability of the drive system.

According to [LEE14] [ZHA19A], it is complicated to directly modify the inverter input
current to achieve an equivalent damping current. Therefore, the damping current igapp 18
generally represented as damping power Pgapp, which is then superimposed on the inverter's
output power. The inverter's output voltage is adjusted to modify the output power accordingly.
The expression for the damping power derived from the damping current can be obtained as
Uge — Ug

Pd =u id =u
amp dc*damp dc Rdamp (1.117)

Since the inverter output power is primarily related to the g-axis, the equivalent damping power
can be achieved by superimposing an output voltage component onto the g-axis. The required
output voltage to be superimposed on the g-axis can be calculated as

_ 2Pdamp

Auq =
lq (1.118)

In [LEE14], the effect of virtual resistors was achieved by modifying the inverter output voltage
to effectively simulate a parallel connection with the grid side filter inductance and suppressed
LC resonance. Further analysis in [ZHA19A], four configurations where virtual resistors were
either series or parallel connected with the grid side inductance or the dc-link capacitor is
investigated. The study provided Routh stability criteria tables and Bode plots for each
configuration. After a comprehensive analysis of the drive system characteristics in each case,
the configuration with virtual resistors in series with the grid side filter inductance was selected.
This setup, combined with a feedforward compensation strategy, reduced the effect of grid side
voltage harmonics. Furthermore, a virtual capacitor was added in parallel with the small dc-
link capacitor within the drive system's topology in [MAGI12],. The effect of this virtual
capacitor was simulated by adjusting the reference g-axis current. However, the coupling

characteristics of the d-axis power introduced some control challenges.
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C. Beat phenomenon

Typically, the interaction between two signals with closely spaced frequencies can lead to a
low-frequency oscillation known as the beat phenomenon. In the small dc-link capacitor-based
PMSM drive systems, the reduction in dc-link capacitance results in periodic fluctuations in
the dc-link voltage. The inverter output voltage frequency changes with the motor speed, and
when it becomes close to the frequency of the dc-link voltage fluctuations, a beat phenomenon
occurs. This issue is also observed in traction systems and has attracted significant attention
[OUY11][JIA18]. Moreover, in small dc-link capacitor-based PMSM drive systems, there is
significant coupling between the grid side input power and the inverter-side output power. At
specific operating frequencies, both the grid side current and the motor current can experience
beat frequencies, which increase system noise and additional losses and may even cause
resonance with the mechanical system, potentially affecting the normal operation of the drive
system. To address these issues, it is important to analyze and suppress the effect of the beat
phenomenon on grid side currents and motor currents in small dc-link capacitor-based PMSM

drive systems.

In small dc-link capacitor-based PMSM drive systems, the fluctuating dc-link voltage can be

presented as

n
Uge = udC,O + Z udc‘kSin (Zka)gt + (pdC,k)

- (1.119)

According to the PWM theory, three-phase voltages u,, u;, and u, can be simplified as

sin (wet + @,)

ta(t) MUgc|sin (wet + @ — _n)
(O] === SR 1.120
(1) (1.120)

) 21
sin (wet + @, + ?)

Ignoring the higher-order harmonics of fluctuating dc-link voltage, the phase voltage u,(t)

can be derived as
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m )
u,(t) = ?sm(wet + @,) [udc,o + Ugeq sm(Za)gt + <Pdc,1)]

= 7udc,0 sin(w,t + @,) + 3udc,1 sin(w,t + @,) sm(ngt + qodc,l)
m | m (1.121)
= Eudc,o Sln(wet + (pe) - Zudc,l COS[(we + ng) T @ + (pdc,l]
m
+ Zudc,l COS[(we - ng) + Pe — §0d0,1]

As shown above, when w, is close to 2w, the phase voltage u, contains a low-frequency

component. This low-frequency component can cause noticeable low-frequency oscillations in

the motor phase voltage, which is known as the beat phenomenon.

As explained above, the use of a small dc-link capacitor could lead to significant dc-link voltage
fluctuations. As a result, these fluctuations can interact with other oscillating components in
the PMSM drive system easily. This interaction, especially when the frequencies are close but
not identical, can result in the beat phenomenon. The beat phenomenon produces a new, low-
frequency oscillation that can affect system stability and performance, potentially causing
issues such as increased noise and mechanical resonance. In [ZHA19B], the beat phenomenon
caused by the interaction between the fluctuating dc-link voltage and the fluctuating load torque
in air conditioning compressors is investigated. To address these issues, a power balancing
control method and a fluctuated torque suppression technique are proposed to mitigate these
effects. In [WAN18B] [DIN22B], it is identified that the sampling delays of fluctuating dc-link
voltage can lead to PWM output voltage errors. These errors introduce harmonics into the stator
current that are related to the frequency of the dc-link voltage fluctuations, thereby causing
beat phenomenon. To address this, the studies propose a sampled dc-link voltage reconstruction
method according to its periodicity to eliminate the harmonics in the stator current caused by

sampling errors and the resulting beat phenomenon.

D. Overmodulation & six-step operation

In small dc-link capacitor-based PMSM drive systems, the use of a small dc-link capacitor
leads to significant dc-link voltage fluctuation due to limited energy storage. These fluctuations
can cause adverse effects such as insufficient dc-link voltage, increased harmonic distortion,

reduced efficiency, and potential instability in the PMSM drive systems.

The overmodulation method is used to extend the inverter's output voltage beyond the linear
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modulation region, thereby maximizing the utilization of the available dc-link voltage. The
overmodulation method allows the motor to achieve higher speeds and torque by pushing the
modulation index above 0.9069 [WAN20C] [BRO21] [GAO23] [ZHA24]. In the small dc-link
capacitor-based PMSM drive systems, where the dc-link voltage fluctuates. Therefore, the
overmodulation method can be a valuable strategy to compensate for the lower available dc-
link voltage condition caused by fluctuating dc-link voltage, allowing for better performance
in high-demand situations. However, the increased harmonic content due to overmodulation

can exacerbate issues related to current ripple and acoustic noise [WAN20C] [BRO21].

Six-step operation, also known as block commutation, is another technique employed to
maximize the utilization of the dc-link voltage. In this mode, the inverter output waveform
transits to a six-step waveform, which is essentially a series of square waves. This operation is
especially useful in high-speed applications, such as railway traction, where the need for high
power output exceeds the capabilities of the linear modulation range. In PMSM drive systems
with small dc-link capacitor, six-step operation helps achieve higher output voltages and thus
higher speeds under constrained dc-link voltage conditions. However, similar to
overmodulation, it introduces significant current and torque ripples due to the non-sinusoidal
nature of the voltage waveform. These ripples can lead to increased losses, noise, and even
mechanical vibrations [ZHA20] [WAN20C] [BRO21] [JIN24B]. Fig. 1.35 shows the
modulation regions in space vector pulse width modulation (SVPWM) for a three-phase

inverter. When the reference voltage u,..r falls within the incircle of the hexagon (Yellow),

defined by uUyof < \/3_5 Ug4c, the modulation index m is less than or equal to 0.9069. In this linear

modulation region, the motor operates efficiently in both steady-state and dynamic conditions.
However, the inverter's capacity is not fully utilized in this range. When the modulation index
m exceeds 0.9069, the motor operates in the overmodulation region until it reaches the excircle
of the hexagon, entering the nonlinear modulation area of SVPWM. While this allows for better
utilization of the inverter's capacity, it also results in increased current harmonics and
oscillations, particularly under speed control modes [ZHA20] [WAN20C] [BRO21]. If the

reference voltage exceeds the excircle of the hexagon, the motor will enter six-step operation.
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Fig. 1.35. Modulation regions in SVPWM.

Overall, both methods can improve the utilization of the available dc-link voltage to a certain
extent. However, despite their benefits, both overmodulation and six-step operation do not
fundamentally solve the problems associated with small dc-link capacitors. Therefore, while
overmodulation and six-step operation provide temporary and partial solutions, the
fundamental issues related to small dc-link capacitors, such as instability and increased
harmonics, remain challenges that need further solutions, such as advanced filtering techniques

or energy storage enhancements.

In [WAN20C], an optimized voltage boundary-based overmodulation strategy for small dc-
link capacitor-based PMSM drive systems is proposed to mitigate the stator voltage distortion
and uncontrollable six-step operation transition caused by typical overmodulation and dc-link
voltage fluctuation. The proposed method enhances system performance by selectively
switching between actual and fixed dc-link voltages for SVPWM. In [JIN24B], an
overmodulation voltage boundary adaptation-based FW strategy for high-speed PMSM drives
is proposed to reduce the motor current harmonics in overmodulation. The proposed strategy
dynamically adjusts the voltage boundaries using continuous voltage vectors and optimizes the
voltage boundary in the steady state to maximize the utilization of the dc-link voltage while

maintaining THD limits.

E. FW control method with fluctuating dc-link voltage

As previously mentioned, while overmodulation and six-step operation can be employed to

maximize inverter output, these methods can lead to increased current harmonics and torque
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ripple, particularly under conditions of fluctuating dc-link voltage where the hexagonal
boundary is also subject to fluctuations. The FW control method can extend the speed range
and maintain the performance of PMSM drive systems under low dc-link voltage conditions
by reducing the magnetic flux, allowing the motor to operate beyond its base speed. The FW
control method can effectively mitigate the challenges posed by fluctuating dc-link voltage
without introducing additional current and torque harmonics. Thus, the study of FW control in

small dc-link capacitor-based PMSM drive systems is therefore of significant importance.

However, FW control poses certain challenges in the presence of fluctuating dc-link voltage.
Specifically, these voltage fluctuations induce corresponding fluctuations in the dg-axis
voltages, which can degrade the control performance in FB-FW control systems [JUN14].
Additionally, an analysis of the small-signal model of FB-FW control in [HUO22B] reveals
that severe fluctuations in the g-axis voltage, particularly when it becomes negative, can cause

the system to enter a positive feedback mode, leading to inherent instability.

Furthermore, the accurately induced d-axis current in FB-FW control necessitates precise data
on the dc-link voltage and dg-axis voltages, both of which are prone to fluctuations. The phase
difference between the fluctuating dc-link voltage and dg-axis voltages introduces deviations
in the calculated d-axis current. Moreover, the PI controller commonly used in conventional
FB-FW control methods is unable to adequately compensate for the AC component introduced
by fluctuating dc-link voltage, further impairing system control performance. These challenges
underscore the complexity and potential instability introduced by fluctuating voltages in the
application of FW control in small dc-link capacitor-based PMSM drive systems. In [JUN14],
a FW control method based on “average voltage constraints” is employed, which requires only
controlling the average value of the motor voltage within half a cycle of the grid side input
voltage to meet the voltage constraint conditions and ignoring the ac component of fluctuating
dc-link voltage. In [BAO19], the motor voltage and dc-link voltage are normalized, and the
voltage error is processed through proportional control to determine the d-axis current,
effectively avoiding calculation errors caused by excessive dc-link voltage fluctuations. In
[HUO22B], a g-axis voltage control method is proposed to ensure the FW control loop operates

under negative feedback conditions, thereby improving the stability of the FW control.

F. Sensorless control method with fluctuating dc-link voltage

Sensorless control eliminates the need for position sensors such as optical encoders, magnetic

encoders, and resolvers, which helps reduce the size and cost of PMSM drive systems. This
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technique is particularly advantageous in harsh environments where high temperatures,
humidity, and corrosive refrigerants can easily damage physical sensors, thus compromising
the reliability of the drive system. However, in PMSM drive systems with small dc-link
capacitors, the inherent fluctuations in the dc-link voltage complicate the implementation of
sensorless control. These fluctuations oscillate at twice the grid frequency and introduce
harmonics in the voltages, current, torque and speed. These issues pose challenges to the

accuracy and stability of sensorless control algorithms.

In the zero and low-speed range, additional HF voltage signals are required injected into the
system to extract rotor position information. However, in PMSM drive systems with small dc-
link capacitors, conventional position sensorless control methods that rely on HF voltage signal
injection may be constrained by insufficient dc-link voltage due to fluctuations. Furthermore,
conventional HF voltage signal injection techniques can introduce increased losses, torque
ripples, and acoustic noise, which can degrade the overall efficiency and performance of the
drive system. However, up to date, there has been no research addressing the influence of these
dc-link voltage fluctuations on HFSI-based sensorless control methods, nor have there been

studies proposing mitigation strategies for these effects.

For the fundamental model-based sensorless control method in the middle and high-speed
range, the rotor position and speed are typically estimated using motor electrical parameters
and models, such as back-EMF or observer-based methods. The accuracy of these estimations
is heavily dependent on stable voltage and current signals. Fluctuations in the dc-link voltage
can disrupt these signals, leading to inaccuracies in the estimated rotor position and speed. This
disruption can degrade the control precision of the motor, which can be problematic even in
applications where precise torque and speed control are not critical, such as in variable-

frequency air conditioning systems.

Therefore, the influence of dc-link voltage fluctuations on sensorless control strategies needs
to be analyzed and mitigated. Innovative compensation techniques and advanced filtering
algorithms are necessary to mitigate these effects and ensure system stability and performance
under the challenging conditions presented by fluctuating dc-link voltage. In [HUA17]
[HUO23] [DIN24A] [YAN24], different filters are developed to suppress the harmonics in
estimated back-EMFs and estimated position errors to improve the accuracy of the sensorless
control method. In [LI24], an adaptive synchronous rotating frame transformation is introduced

to suppress the back-EMF harmonics caused by a small dc-link capacitor.
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G. Topology optimization

Topological circuit optimization is also an essential method for enhancing the performance of
small dc-link capacitor-based PMSM drive systems, as it enables effective decoupling between
the grid side and the machine side. This decoupling can optimize the grid side power factor,
and mitigate the dc-link voltage fluctuation. By addressing these issues, the improved
topologies enhance the system's stability, efficiency, and overall performance, thereby
expanding the practical applications and reliability of small dc-link capacitor-based PMSM

drive systems in various demanding environments.

In [HUA21], a second harmonic current compensator was introduced in parallel with the dc
link to regulate reactive power. Three different damping topology circuits were analyzed. A dc-
link shunt compensator connected in parallel with the dc link is proposed in [SHI17] which
operates without the need for any power factor correction circuits or large grid filter inductors,
ensuring that the grid current meets IEC61000-3-12 standards. While these topology circuit
schemes offer high reliability, they also tend to increase the size and cost of the drive systems.
As a result, algorithm-based methods have emerged as an effective alternative in various

applications.
1.4 Outline and Contributions of the Thesis

Existing research on the optimization of small dc-link capacitor-based PMSM drive systems
has primarily focused on the grid side and sacrificed the control performance of the machine
side. Only in recent years has attention been directed towards addressing the influence on
control performance on the machine side. Therefore, this study investigates the optimization of
motor control performance in small de-link capacitor-based PMSM drive systems, specifically
focusing on aspects such as dc-link voltage sensor faults, sensorless control methods, and FW

control. The research outline is shown in Fig. 1.36.
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Fig. 1.36. Outline of thesis.

The chapters of the thesis are briefly described as follows.

Chapter 2: For fluctuating dc-link voltage and dc-link voltage sensor faults, an improved
EEMF-based sensorless control method for small dc-link capacitor-based PMSM drive systems
is proposed. Firstly, the influence of dc-link voltage fluctuation on the EEMF-based sensorless
control method is investigated. It is found that the estimated rotor position error harmonics
could be introduced. Then, the influence of dc-link voltage sensor faults on the EEMF-based
sensorless control method is investigated. It is shown that the dc-link voltage measurement
error can introduce a dc offset in the estimated position error under the EEMF-based sensorless
control method. To mitigate these issues, the chapter proposes a dc-link voltage observer that
is immune to dc-link voltage measurement errors and estimated position errors. The observer
utilizes the estimated dc-link voltage to eliminate the position error offset caused by
measurement inaccuracies. Furthermore, to enhance the practical applicability of the observer,
the effects of magnetic saturation are analyzed using finite element analysis (FEA), revealing
that parameter mismatches have a negligible effect on the observer. Additionally, the chapter
addresses the coupling issue arising from using estimated dc-link voltage in EEMF-based
sensorless control, proposing a back-EMF harmonic suppression method to mitigate harmonics
in the estimated back-EMF, speed, position error, and dc-link voltage. This approach effectively
eliminates the estimated position error caused by fluctuating dc-link voltage and coupling

issues, achieving satisfactory system control performance.
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Chapter 3: For estimated dc-link voltage error caused by time delay and power loss, the
influence of these challenges on the proposed dc-link voltage observer and the EEMF-based
sensorless control method are first investigated. To address these issues, a time delay
compensation method based on dc-link voltage reconstruction is proposed to eliminate the
adverse effects of sampling and estimation delays. Then, a power compensation method is
introduced to mitigate the effect of power losses on the estimated dc-link voltage. These
enhancements not only improve the accuracy of the proposed dc-link voltage observer but also

expand its applicability to more complex and demanding operational environments.

Chapter 4: In the zero and low-speed regions, the effectiveness of conventional HF voltage
signal injection-based sensorless control methods can be limited due to insufficient dc-link
voltage, which is often worsened by significant dc-link voltage fluctuation. Moreover, these
HF signal injection methods can increase losses, torque ripples, and acoustic noise. To address
these issues, this chapter introduces a novel sensorless control method that leverages inherent
current harmonics resulting from dc-link voltage fluctuation to determine the rotor position to
eliminate the need for additional HF voltage injection. Furthermore, this method utilizes these
unavoidable current harmonics to identify magnetic polarity, offering superior performance
compared to conventional secondary harmonics-based polarity detection methods, especially
under heavy load conditions. Additionally, a lookup table derived from FEA has been
developed to mitigate the sensitivity of the proposed sensorless control method to motor

parameter mismatches, ensuring more accurate rotor position estimation.

Chapter 5: In the previous Chapter, a lookup table was established to mitigate the effects of
motor parameter mismatches on the proposed sensorless control strategy. However, the lookup
table method has inherent limitations. It relies on precomputed data, requiring additional
memory resources. Furthermore, if the input data does not exactly match the values stored in
the lookup table, parameter mismatches can occur, which may compromise the accuracy of
rotor position estimation. Moreover, the proposed sensorless control method in Chapter 4
requires both dg-axis current signals and the amplitude and phase of the dg-axis voltages,
increasing dependency on multiple variables. This dependency can limit the precision of rotor
position estimation and, consequently, the overall system performance. Thus, this chapter
introduces an improved sensorless control method that is immune to motor parameter
mismatches and requires only the g-axis current and the phase angle of the dg-axis voltages to
reduce sensitivity to multiple variables. Furthermore, the chapter systematically compares the

proposed sensorless control methods based on 100 Hz and 200 Hz harmonics. These findings
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provide a robust solution for the HFSI-based sensorless control method under severe dc-link

voltage fluctuations, ensuring consistent performance across different operating environments.

Chapter 6: The energy backflow phenomenon in small dc-link capacitor-based PMSM drive
systems is identified and investigated in this chapter, particularly when operating at high speeds
and/or under heavy load conditions. The large amplitude of back-EMF could exceed the
minimum value of fluctuating dc-link voltage, leading to notable energy backflow. This
unintended energy backflow not only poses risks to power devices but also introduces
challenges to system stability and efficiency. The FW control strategy can effectively mitigate
energy backflow by controlling the d-axis current to reduce the back-EMF. However, FW
control also presents challenges in systems with fluctuating dc-link voltage, as these
fluctuations can cause corresponding fluctuations in the dg-axis voltages, degrading the control
performance of the FW control method. An analysis of the small-signal model of FB-FW
control reveals that severe fluctuations in the g-axis voltage, especially when it becomes
negative, can induce a positive feedback mode, leading to inherent instability. To address these
issues, this chapter proposes a quasi-proportional integral resonant (quasi-PIR) based FW
control method. Furthermore, an optimal phase angle selection method based on the least mean
square (LMS) algorithm and gradient descent (GD) algorithm for d-axis reference current is
introduced to suppress current ripple caused by the fluctuating dc-link voltage. This approach
enhances the control performance and stability of the PMSM drive system under variable

operating conditions.

Chapter 7: The general conclusion is drawn in this chapter, and the potential future works are

discussed.

Overall: The major contributions of this thesis are briefly summarized as follows.

1. The influence of dc-link voltage sensor faults on EEMF-based sensorless control
methods is investigated and a dc-link voltage observer is proposed. The challenges in practical
operation, such as parameter mismatches, coupling between estimated dc-link voltage and rotor

position, sampling delays, and power losses are comprehensively analyzed and mitigation.

2. For middle and high-speed sensorless control, the effects of fluctuating dc-link voltage
on EEMF-based sensorless control are investigated and a back-EMF harmonics suppression

method is proposed to eliminate the estimated rotor position error harmonics.
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3. For zero and low-speed sensorless control, two different sensorless control methods are
introduced, which do not require additional voltage signal injection to estimate rotor position.
Furthermore, a magnetic polarity detection method based on inherent current harmonics is

proposed to determine magnetic polarity.

4. The unavoidable energy backflow phenomenon is analyzed. Then, a novel FW control
method that optimizes both the amplitude and phase of the reference d-axis current is proposed

to enhance control performance.
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CHAPTER 2

IMPROVED EXTENDED EMF-BASED
SENSORLESS CONTROL FOR IPMSMS WITH
SMALL DC-LINK CAPACITOR CONSIDERING DC-
LINK VOLTAGE SENSOR FAULTS

This chapter proposes an improved EEMF-based sensorless control method for permanent
magnet synchronous machine drive systems with a small dc-link capacitor, while considering
the dc-link voltage sensor faults. Due to fluctuating dc-link voltage, precise and stable dc-link
voltage information is extremely important. It is demonstrated that the dc-link voltage
measurement error will introduce a dc offset in the estimated position error under EEMF-based
sensorless control. To address this issue, a dc-link voltage observer is proposed in this chapter,
which i1s immune to dc-link voltage measurement error and estimated position error.
Specifically, the estimated position error caused by the dc-link voltage measurement error can
be eliminated by using the estimated dc-link voltage. Meanwhile, to further improve the realism
and practicality of the proposed observer, the magnetic saturation effect is analyzed using FEA.
It is found that the parameter mismatch has only a minor effect on the proposed observer. In
addition, this chapter identifies the coupling issue introduced by using the estimated dc-link
voltage in the EEMF-based sensorless control method and a back-EMF harmonic suppression
method is proposed to suppress the harmonics in the estimated back-EMF, speed, position error,
and dc-link voltage, thereby eliminating the coupling issue. A satisfactory system control

performance can be achieved, which is validated by experiments.
2.1 Introduction

Small dc-link capacitor-based PMSM drive systems have become a popular research topic due
to low price and reduced size of small volume dc-link capacitor [HUA17] [ZHAI18A]
[ZHA19A] [YAN22A] [HUO23]. However, small dc-link capacitors will generate large dc-
link voltage ripples which will cause fluctuations in dg-axis voltages and currents. In the
model-based sensorless control method of PMSM drive systems, the estimated position error
harmonics are introduced from the fluctuating dg-axis voltages and currents [MORO02] [CHEO03]
[HUA17] [ZHA18A] [ZHA19A] [YAN22B] [HUO23]. Two effective filters are proposed in

62



[HUO23] [HUA17] to suppress the estimated back-EMF harmonics and the estimated rotor

position error harmonics caused by small dc-link capacitor.

In addition, a reliable dc-link voltage sensor is required to measure the dc-link voltage,
especially in the voltage source inverter (VSI)-based PMSM drive system with a small dc-link
capacitor, where the dc-link voltage is always fluctuating. The influence of dc-link voltage
fluctuation on the EEMF-based sensorless control is considered in [HUA17] [HUO23], but
these two papers are both based on the dc-link voltage sensor and assume that the measured
voltage is accurate. However, the dc-link voltage sensor may be faulty due to high humidity,
high temperature, electromagnetic interference, and mechanical vibration [JEOO5A] [SAL10]
[YU13] [FOO15] [TEN17] [XIA17] [KOMI18] [TRI19] [WAN19C] [WAN20D] [KOW22]
[SKO22] [PES23] [HEI23] [XIA23]. In this case, the information on dc-link voltage could be
lost, which will compromise the stability of the system. Additionally, it may introduce a dc-
link voltage measurement error, such as zero drift and gain variation, etc. The dc-link voltage
measurement errors will inevitably produce biased dg-axis voltages, which further deteriorate

the EEMF-based sensorless control strategy.

Therefore, recent research has increasingly focused on the fault detection of a dc-link voltage
sensor and estimation of dc-link voltage to mitigate system vulnerabilities. To detect the speed,
dc-link voltage, and phase current sensor faults, an observer-based method [FOO15]. These
methods can effectively identify stuck, offset, and noise faults in constant-speed drives.
However, these methods do not address post-fault remediation. Moreover, a neural network
fault classification method for induction motor drives is proposed in [SKO22], where the fault-
tolerant control (FTC) strategy is employed to ensure continuous operation despite current
sensor failure. The effect of dc-link voltage measurement error on the model predictive control
(MPC) of the PMSM control system is investigated in [WAN20D]. In [JEO05A], a method for
detecting faults in dc-link voltage sensor is introduced, employing the concept of power
balance. However, in [JEOO5A] [WAN20D], when the dc-link voltage sensor fails, the nominal
value of dc-link voltage is used to replace the measured value. This could lead to system

malfunctions, especially when the dc-link voltage fluctuation is large.

Therefore, a high-performance dc-link voltage observer is critical when the dc-link voltage
sensor fails. A simple dc-link voltage sensor fault detection method is proposed in [WAN19C]
by combining the current model-based stator flux observer with the voltage model-based stator

flux observer in the dual-three phase PMSM drive system, where the dc-link voltage
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measurement error is compensated. In [YU13] [PES23], the optimal dc-link voltage is
calculated and adaptively regulated in electric vehicles (EVs) to enhance the overall efficiency
of traction motor drives. In [SAL10], a sliding-mode (SMO) model reference adaptive based
observer is proposed to estimate dc-link voltage for the MPC control in the PMSM drive system.
In [TEN17], the adaptive observer is used to estimate the dc-link voltage and suppress the
resistance estimation error caused by the dc-link voltage measurement error. In [TRI19], a
compensation method for current and dc-link voltage measurement error in PWM rectifiers is
proposed. Two dc-link voltage estimation methods based on measured currents, motor speed
and duty cycle are proposed in [HEI23], but the encoder failure situation is not considered. An
innovative approach is proposed in [XIA23], by using an unknown input SMO together with
an adaptive FTC technique to detect and remedy grid current and dc-link voltage sensor faults
for single-phase grid-connected converters. In [KOM18], an advanced FTC method with a
high-order SMO is developed to detect and mitigate the influence of sensor faults. A diagnostic
and remedy approach for current and dc-link voltage sensor faults in a single-phase PWM
rectifier control mechanism-based electric traction system is proposed in [XIA17]. However,
the above-mentioned studies primarily address scenarios with constant dc-link voltage. When
a small dc-link capacitor is employed, the dc-link voltage fluctuation inevitably occurs as

mentioned before. To date, this issue requires further investigation.

This chapter proposes an observer-based dc-link voltage estimation method for EEMF-based
sensorless control, where the influence of dc-link voltage sensor faults can be eliminated.
Furthermore, this chapter investigates the influences of several practical factors, such as
magnetic saturation, parameter mismatch, and harmonics of dg-axis back-EMFs, on the

performance of the proposed method under EEMF-based sensorless control.
The contributions of this chapter are twofold.

Firstly, this chapter proposes a proportional integral resonance (PIR) controller-based dc-link
voltage observer, along with a dc-link voltage sensor fault detection method. The proposed
observer demonstrates robustness against the magnetic saturation and motor parameter

mismatches, including stator resistance, dg-axis inductances, and PM flux linkage.

Secondly, this chapter identifies a common coupling issue existing in the simultaneous
estimations of dc-link voltage and speed under EEMF-based sensorless control. This issue
introduces additional specific harmonics in the system, such as in dc-link voltage, currents, and

estimated position error, especially when employing a small dc-link capacitor. To address this
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issue, a back-EMF harmonic suppression method is proposed by utilizing notch filters. As
demonstrated, this method effectively suppresses harmonics in the estimated dc-link voltage,
speed, and rotor position, thereby resolving the coupling issue and eliminating the harmonics
introduced by dc-link voltage fluctuation. Finally, experiments validate the proposed method
which can greatly improve the robustness and effectiveness of the EEMF-based sensorless

control system.

The rest of this chapter is organized as follows. Sections 2 and 3 outline the challenges posed
by dc-link voltage fluctuation and the dc-link voltage sensor faults on EEMF-based sensorless
control, respectively. Section 4 proposes the dc-link voltage observer along with the back-EMF
harmonic suppression method. Section 5 discusses the effects of magnetic saturation and
parameter mismatch on the proposed observer. Section 6 presents the experiment results that
demonstrate the robustness and effectiveness of the proposed method in the improvement of
performance under EEMF-based sensorless control. Finally, section 7 draws the conclusion of

this chapter.
This chapter is based on the papers published in:

[YAN22A] J. Yan, X. Wu, and Z. Q. Zhu, “Analysis of extended EMF based sensorless
control with dc-link voltage fluctuation,” Proc. Int. Conf. on Power
Electronics, Machines. and Drives (PEMD), Newcastle, UK, 2022, pp. 327-
334.

[YAN22B] J. Yan, X. Wu, Z. Q. Zhu, and C. Liu, “Influence of dc-link voltage
measurement error on extended EMF based sensorless control with reduced dc-
link capacitor,” 2022 25th Int. Conf. Electr. Mach. and Syst. (ICEMS),
Thailand, pp. 1-6. 2022.

[YAN24] J. Yan, X. M. Wu, Z. Q. Zhu, and C. Liu, “Improved extended EMF-based
sensorless control for IPMSMs with small dc-link capacitor considering dc-link
voltage measurement error,” IEEE Trans. Ind. Appl., early access, 2024, doi:
10.1109/T1A.2024.3397960.

2.2 System Model and DC-Link Voltage Fluctuation Issues

The block diagram of the IPMSM drive system fed by VSI with a small dc-link capacitor

usually applied to domestic appliances is shown in Fig. 2.1.
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Fig. 2.1. IPMSM drive system fed by VSI with small dc-link capacitor.

For the single-phase diode-based rectifier, the fluctuating dc-link voltage can be expressed as

n
Uge = Ugeo + z Uge ke Sin( Zka)gt + (pg) (2.1)
k=1

where Uy, o 1s the amplitude of the dc component of fluctuating dc-link voltage, u4., and

@4 are the amplitude and phase of the kth order harmonic of fluctuating de-link voltage.

According to [HUA17] [YAN22A], [HUO23], the estimated dg-axis voltages and currents in

the estimated reference frame can be expressed by

n
ﬁd = ﬁ’d,O + z ad,k Sin( Zk(l)gt + (pg,k)
k=1

= 2.2)
8y = o+ ) i sin(2kayt + gl
k=1
n
ig= id,o + z fd’k sin( 2kwgt + (pé‘k)
s 2.3)

2

n
qu = Zq‘o + z iq,k Sln( Zk(l)gt + (p(i],k)
k=1

where g, flg0, lgo and i are the amplitudes of dc components of estimated dg-axis
voltages and currents, @l y Qg y Lax, and iq are the amplitudes of kth order harmonic, ¢g .,

Oq k> (pé,k and (pé'k are the phases of the kth order harmonic of dg-axis voltages and currents.

Assuming that the derivative of the dg-axis currents is 0, the estimated dg-axis back-EMFs can

be obtained as
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where Ag ., Ag ks Pak.a and Qg 4 are the equivalent amplitude and phase of the estimated dg-

axis back-EMFs.

The rotor position error can be expressed by

D1>| Ty

n
£ ) B0ksin(2kagt + o) (26)
k=1

where AB,, is the amplitude of the dc component of estimated position error. Af, ) is
amplitude of the kth order harmonic, and ¢y ¢ is the phase of the kth order harmonic of

estimated position error, respectively.

Through the phase-locked loop, the estimated speed is obtained by the estimated rotor position
error. Therefore, the estimated speed can be expressed by [HUA17] [YAN22A], [HUO23]

n
+ Z We i SIN(2kwgt + @y () (2.7)
k=1

where @, is the estimated speed, @, o, D¢k, and @y 4, are the amplitude of the dc component,

amplitude, and phase of the kth order harmonic of estimated speed error, respectively.

Overall, it can be observed that when the dc-link voltage has a significant fluctuation, it is

important to consider the harmonics in the estimated position error and speed to improve the
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control performance of the EEMF-based sensorless control. Besides, further deterioration also

occurs when there is a dc-link voltage sensor faults, which is described in the next section.

2.3 Influence of DC-Link Voltage Sensor Measurement Error on EEMF

Sensorless Control

In some applications, the dc-link voltage sensor may have some detection failures due to
electrostatic corrosion, high temperature, high humidity, and mechanical vibration, such as zero
offset, gain change, and signal loss. Therefore, the dc-link voltage sensor faults are likely to

appear [JEOO5A] [WAN20D]. The measured dc-link voltage can be expressed as

m _ a
Uge = kdcudc + Uqdc,offset (2.8)

where ug, and ug, are the measured and actual dc-link voltage, Ugcofrset 1S the dc offset

(normally is 0), k4. is the gain value (normally is 1).

The dc-link voltage sensor faults can lead to the disappearance of the detection signal, which
will directly compromise the stability of system. Additionally, it may introduce a dc-link

voltage measurement error.

In case of the existing dc-link voltage measurement error due to voltage sensor faults, the

measured dc-link voltage can be expressed as

n
u:inc = (chﬁdc,o + Audc,offset) + Kac z adc,k sin( kagt + (pg) (2.9)
k=1
Therefore, the dg-axis voltages and currents considering the dc-link voltage measurement error

can be represented as

n

( .
J g = (Kaclao + Mugorsser) + Kac Z lg i sin( 2kagt + @)

k=1
n (2.10)

lagl = (Kgellgo + Migofsser) + Kac Z Qg sin( 2kayt + @ly)
k=1
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n

(/; 2 . ° . [
| ig = Kacialao + Algosrser) + Kacia Z lak Sin(2kwgt + @g )
{ =1 (2.11)
li{r{l = (ch,iqzq,o + Aiq,offset) + ch,iq Z iq,k Sin( kagt + goé{,k)
k=1

where 4, 1y, im and ig‘ are the dg-axis voltages and currents with dc-link voltage
measurement error, Ag o rrsers Alqoffsets Alaoffsets aNd Aig o5 fser are the de offsets of dg-
axis voltages and currents caused by dc-link voltage measurement error, Ky ;4 and Ky ;4 are

the gain variations of dg-axis currents with dc-link voltage measurement error.

Since the scaling errors of dg-axis voltages are proportional to the dc-link voltage, the gain
change of the dg-axis voltages is the same as the gain change of the dc-link voltage. However,
the values of dg-axis currents will not change since the phase currents are directly measured

by sensors and are mainly related to the operating conditions. Thus, Ky ;4 and Ky ;4 are 1, and

Al offser and Aig orfser are 0.
The estimated dg-axis back-EMFs can be derived by

te — ~ ~ ~e 2
Ed - (chud,o + Aud,offset) - Rsld,O + (‘)e,Oquq,O

n
+ Z A k[Kacllar — Rslax + Lalqr@eo + Lalgo®g k] Sin( 2Zkwyt + @F i 4)

2. (2.12)
n n
£ L@l Sn( 2wyt + 9fsen) ) Tguesin 2t + 9%0)
k=1 k=1
EG = (Kacllqo + Mg oppser) = Rslqo = g oLqlao
n
n Z Ag i [Kacligr — Rslgr — Lqlax®@ep — Lglao®e ] Sin(2kwgt + @g i 4) (2.13)
k=1 |

n n
_ z La@S . sin( 2kt + @E ;1) Z Lo Sin( 2kawgt + @S 1)
k=1 k=1

where E¢ and E ¢ are the dg-axis back-EMFs with the dc-link voltage measurement error, Ag
A k> PG k4> and @F i 4 represent the equivalent amplitude and phase of the th harmonic of the

estimated dg-axis back-EMFs with dc-link voltage measurement errors, respectively.
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Due to the existence of the dc-link voltage measurement error, the estimation position error is

shown as:
Ee C
AGE ~ ~7e ~ 007 pser + Z 407 sin( 2kwgt + @y, ) (2.14)
q k=1

where A7 is the estimated position error with dc-link voltage measurement error, 467 ;¢ ¢set
is the amplitude of the dc component, 467, is the amplitude of the kth order harmonic of
estimated position error with dc-link voltage measurement error, ¢y, 4 is the phase of the kth

harmonic of estimated position error.

Therefore, the estimated rotor speed can be expressed by
n
Wg = gy + Z g sin(2kwyt + @f ) (2.15)
k=1

where @ is the estimated speed, &g , is the amplitude of the dc component of estimated speed,
¢y and @f, , are the amplitude and phase of the kth order harmonic of estimated speed with

dc-link voltage measurement error.

It is obvious that the dc-link voltage measurement error can result in biased dg-axis voltages,
back-EMFs, and estimated position error, which deteriorates the performance of EEMF-based
sensorless control. Furthermore, in the steady-state of EEMF-based sensorless control with
iz = 0 control strategy, the estimated position error can be expressed as

Ed ﬁd - RS’id - pLdid + a)equq ﬁd + (,l)eLqiq

AB, =~ — = = — a3 7 AN 7 2.16
" q Ug—Rsig —pLgiy — welgiy Uy — Rl (2.16)

Without dc-link voltage measurement errors, the estimated d-axis back-EMF is always zero
under different operating conditions. Therefore, the estimated rotor position error is maintained
at zero. When dc-link voltage measurement errors are present in the system, the dg-axis

voltages can be expressed as follows.

{ﬁgl = Ky g
a7 = Kot (2.17)

Therefore, the error in the estimated position can be approximated as follows.
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Ky.0iy + w,L,i
Aer% dc“d etqtq

chﬁd - Rsiq (2.18)

The values of dg-axis currents will not change with dc-link voltage measurement errors since
the phase currents are directly measured by sensors and are determined by the operating
conditions. Therefore, it can be concluded that the estimated rotor position error can be
influenced by different operating conditions when dc-link voltage measurement errors are

present.

To eliminate the estimated position error due to dc-link voltage measurement error, a dc-link
voltage sensor fault detection method [JEOOS5A] is initially employed to identify sensor faults.
Subsequently, a PIR controller-based dc-link voltage observer is proposed, which will be

introduced in the following section.

2.4 Proposed DC-Link Voltage Observer

2.4.1 Proposed DC-link Voltage Observer

Assuming an ideal inverter with no power loss, the power balance equation for the inverter can

be expressed as

Py = ;(udid +Uglq) = Ugclac (2.19)
where Pef represents the actual inverter power.
Assuming that the current sensors are error-free, the de-link current can be calculated by
lgc = 1aSq + ipSp + iS¢ (2.20)
where S,, Sy, S. are the switching status of the three upper IGBTs.

Fig. 2.2. shows the measured results of three-phase currents, duty cycle, and the reconstructed
dc-link current. The IPMSM is operated at 300 r/min under 2 Nm, and the reconstructed dc-

link current exhibits an average value of ~0.45 A, closely aligning with the simulation results.
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Fig. 2.2. Measured results of dc-link current reconstruction at 300 r/min and 2 Nm load condition. (a)

Three-phase currents and dc-link current. (b) Switching status.

Since the dg-axis voltages are proportional to the dc-link voltage value, the dc-link voltage
measurement error will inevitably produce the wrong dg-axis voltages. Thus, the dg-axis

voltages cannot be used to calculate the actual inverter output power.
Therefore, the actual inverter power can be expressed by

pref = ; {Rs(ig +i2) + (Laig % + Ly, %) + we|@rig + (Lg — Lq)idiq]} (2.21)
Fig. 2.3 presents the block diagram of the proposed dc-link voltage observer. Initially, the
reference inverter power PLel is computed using (2.21) and serves as the input to the voltage
estimation loop. Subsequently, the estimated inverter power PSS is calculated by multiplying
the estimated dc-link voltage with the calculated dc-link current by three-phase currents and
duty cycle, providing a feedback signal for comparison with PLef. The deviation between PLEf
and PSS!, denoted as the power error PS5 , which is processed by the PIR controller. The PIR
controller fine-tunes the estimated dc-link voltage to minimize the power error, thus closely
aligning the estimated voltage with the actual voltage. When the inverter power error

approaches zero, the estimated dc-link voltage approaches the actual dc-link voltage value. The

PIR controller is implemented to ensure convergence between the dc component of the
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estimated and actual dc-link voltages and their respective 100 Hz voltage harmonics.
Furthermore, the differential process outlined in (2.21) can introduce notable harmonics,
especially in the case of dc-link voltage fluctuation situations. Therefore, A low pass filter (LPF)
is utilized to further improve the accuracy of the estimated dc-link voltage by removing high-

frequency harmonics that arise from the differential process.

Given that the proposed voltage observer is immune to dg-axis voltages, it remains unaffected
by dc-link voltage sensor faults. Furthermore, the estimated dc-link voltage is not influenced
by the estimated position error. Consequently, this observer is well-suited for integration into

the EEMF-based method.

est
Ug,

Fig. 2.3. Block diagram of proposed voltage observer.

A dc-link voltage sensor fault detection method [JEOO5A] based on the inverter power balance

is used and can be expressed as

3, . :
E(udld + uqlq) —T.w, =a (2.22)

When the difference a exceeds a certain threshold, it indicates that the dc-link voltage sensor
fault exists. When the dc-link voltage sensor fails, the estimated dc-link voltage is used, thereby

eliminating the estimated position error caused by the dc-link voltage sensor fault.

2.4.2 Influence of Estimated Back-EMF Harmonics

As previously analyzed, the fluctuating dc-link voltage, primarily at 100 Hz frequency, can
induce the estimated dg-axis back-EMFs fluctuation, which in turn leads to the estimated rotor

position and estimated speed fluctuation.

Furthermore, the additional estimated speed harmonics can introduce additional harmonics in
the estimated dc-link voltage. When this estimated dc-link voltage is utilized within the system,
the dc-link voltage harmonics can introduce additional estimated back-EMF harmonics, which

can further amplify the harmonics in the estimated speed. Therefore, a coupling issue between
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the estimated dc-link voltage harmonics and the estimated speed harmonics may occur in the

system. This interaction deteriorates the system's control performance.

Considering the estimated speed harmonics, the power can be determined by combining (2.7)

and (2.21)

e 3 o o 3 dig  dig 3
P = E Rs(lézi + lé) +E (Ldldﬁ'i-l‘qlq d—tq) +E [we,o

(2.23)

n
+ Z De . sin(2kwgt + @)[@riq + (La — Lg)iaiq]
k=1

where P, *-“¢ is the inverter power considering the estimated speed harmonics.

The estimated dc-link voltage error considering the estimated speed harmonics can be

expressed by

o 3 S . .
A Awe Pi:;f - P;;vac §2£=1 We k SlTl( kagt + (Pk,w) [(Ld - Lq)ldlq + (Pflq]
u’dc = = T

(2.24)

idC lac
where Auﬁ‘c"e is the estimated dc-link voltage error due to estimated speed harmonics.
To solve this, an improved EEMF-based sensorless control is proposed in the next section.

2.4.3 Improved EEMF-Based Sensorless Control with Back-EMF Harmonic Suppression
Method

The harmonics in the estimated speed could be mitigated by limiting the bandwidth of the PI
controller within the PLL. However, setting the bandwidth of the PI controller too narrowly
may limit the tracking ability of PLL, leading to slower dynamics in the EEMF-based
sensorless control system. Similarly, while reducing the cut-off frequency of the LPF can
suppress the estimated speed harmonics, it may also slow down the dynamics performance and
fail to adequately address the harmonics in the estimated position. The notch filter is an
attractive method for harmonic suppression due to its ability to precisely target and eliminate
specific unwanted frequency components [WAN14] [ALZ17] [QU23]. In [HUA19] [TAG19]
[SOM23], the notch filter is employed to regulate the dc-link voltage by filtering out
undesirable harmonics in single-phase grid-connected inverters or converters. In [WAN14]
[WU23A] [DIN24B], the notch filter is utilized to remove unwanted harmonics to improve the

effectiveness of sensorless control techniques.

74



In this chapter, two notch filters are employed to attenuate the 100 Hz harmonic present in the
estimated dg-axis back-EMFs. This approach can not only reduce the harmonics in the
estimated position and speed caused by dc-link voltage fluctuation but also mitigate the
coupling issue between the estimated dc-link voltage harmonics and the estimated speed

harmonics.
The transfer function for the notch filter is given as follow.

-~ 2 + 2
Groy = e - 2~ (2.25)

~

D, SE+us+ w?

where ¢ and w, represent the gain coefficient and the center frequency of the notch filter.

The block diagram and bode plot of the notch filter are shown in Fig. 2.4. As analyzed
previously, the 100 Hz harmonic, which is twice the grid frequency, significantly influences
the estimated back-EMFs. Consequently, the center frequency (w,) is set to 2nx100 Hz to
effectively eliminate the 100 Hz harmonic. The gain coefficient (u) is crucial for determining
the convergence rate of the notch filter. According to [WAN14] [ALZ17] [QU23], the notch
filter should be configured to be under-damped to enhance the convergence rate. Thus, the gain
coefficient u is often set to less than twice the center frequency w.. While increasing u can
improve the dynamic response of the system, it may also introduce larger steady-state errors.
Therefore, the value of u should be selected by compromising the fast convergence rate with
lower steady-state error. To achieve the most satisfactory convergence rate and dynamic

response, the gain coefficient was set to 8 based on the experimental results.
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Fig. 2.4. Back-EMF harmonic suppression method-based notch filters. (a) Block diagram. (b) Bode
plot.
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The overall block diagram of EEMF-based sensorless control with proposed dc-link voltage

observer and back-EMF harmonic suppression method is shown in Fig. 2.5.

Voltage sensor
fault detection

Proposed de-link
voltage observer

w; i u, u;
°2® PI H——— P [—— dq «
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EEMF-based sensorless control with coupling mitigation method

Fig. 2.5. Overall block diagram of EEMF-based sensorless control with proposed dc-link voltage

observer.

2.5 Effect of Parameters Mismatch

The parameter mismatches are unavoidable when considering the design and implementation
of the proposed dc-link voltage observer. Such mismatches could potentially affect the
performance of the proposed observer. Therefore, the effect of parameters mismatch on the
proposed voltage observer and the EEMF-based sensorless control are thoroughly investigated

as shown below.

2.5.1 Stator Resistance

The stator resistance causes copper losses which can affect the overall power calculation.
Therefore, power calculation errors due to stator resistance mismatch need to be considered.

The inverter power with the nominal value of the stator resistance can be expressed as

di o di ) ..
d_: + Lgig d_:) + we [‘pflq + (Ld - Lq)‘dlq] (2.26)

nom
RS

3
Pry =oRI™(iG +i2) + (Laig

v 2

nom
where RJ°™ is the nominal value of the stator resistance. Plﬁf, is the inverter power with the
nominal value of the stator resistance.
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The difference in power calculation due to resistance changes can be expressed as

3
ARg _ Rs_ _ 2,
APy = Piny — Pinvnom - EARS(l(-Zi + lCZI) (2.27)

where ARg; = Ry — RY°™ is the difference between the actual and nominal values of the stator

resistance.

The power calculation error caused by resistance mismatch is proportional to the sum of the
square of dg-axis currents and the change in resistance. Since the system is under iy = 0

control, the power change is mainly related to the load condition.

2.5.2 Dg-axis Inductances

The inductances are easily affected by magnetic saturation. The potential inductance mismatch
can affect power calculation and the accuracy of estimated dc-link voltage. To address this, the
effect of magnetic saturation on dg-axis inductances with various operation conditions is
thoroughly calculated by FEA first. Then, the effect of inductance mismatch on the proposed
dc-link voltage observer is discussed. Fig. 2.6 shows the FEA results of dg-axis inductances
under different dg-axis currents. By way of example, the d-axis inductance varies from 39 mH
to 37 mH at i; = 0 with different g-axis currents. Similarly, the g-axis inductance varies from

55 mH to 44.5 mH when i; = 0, with different g-axis currents.

50 80
| =—id=0 ——id=-1 —=-id=-2 —id=-3 | [==id=0 ——id=-1 -=id=-2 ——id=-3]
~45 - ~
= 2 5 = 60
540 ] -\"‘-:"{l::':l £ ‘ml
"\‘\0\‘__' ~
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(a) D-axis inductance (b) Q-axis inductance

Fig. 2.6. Dg-axis inductances under different dg-axis currents. (a) D-axis inductance. (b) Q-axis

inductance.

The inverter power calculation with nominal value of d-axis inductance can be expressed as

nom i di
L L 4 Lyig—

F dt 9 q¢

inv

+ wel@rig + (L™ — Ly)igiy]

3
= ERs(iczi +i2) + (LE™ig
(2.28)
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nom

L%°™ is the nominal value of the d-axis inductance. P, | d is the inverter power with

where

nominal value of the d-axis inductance.

The difference in power calculation due to d-axis inductance mismatch can be expressed as

Lg_nom di
— prd-

ALg 3
AF, inv = EALd (ld dt + weiql ) (2.29)

nv P, inv

where AL; = Ly — L3°™ is the difference between the actual and nominal values.

The inverter power calculation with nominal value of g-axis inductance can be expressed as

Lnom

3 ., .  dig di . .
Pin‘; = ERS(LL% + lé) + (Ldldﬁ + L’}I"mlq d—g) + a)e[(pflq + (Ld — Lﬁom)Ldlq] (2.30)

nom
where Lg°™ is the nominal value of g-axis inductance. P, q is the inverter power with the

nominal value of g-axis inductance.

The difference in power calculation due to g-axis inductance mismatch can be expressed as

3 di,
Apila _ _p - plLanom _ =AL, (i ( a)eidiq> (2.31)

mnv mnv 2 d
where ALq = L4 — ch}om 1s the difference between the actual value and the nominal value.

In this chapter, due to i; = 0 control strategy and the small value of the dg-axis inductance
(Lg°™ = 0.04 H, Lg°™ = 0.06 H), the influence of the dg-axis inductance mismatch on the

calculated inverter power is almost negligible.

2.5.3 Flux-Linkage

The flux-linkage mismatch can affect the inverter power calculation and the estimation
performance of the proposed voltage observer. The inverter power with the nominal value of

the flux-linkage can be expressed as

nom d
PLZ:; _R (@& +1i5) + Lala— dt =+ Lqiq dt) + w[@f™ig + (La — Lq)ialq] (2.32)

nom
where ¢7°™ is the nominal value of the flux linkage. P, f is the inverter power with nominal

value of the flux-linkage.

78



The difference in power calculation due to flux-linkage mismatch can be given by

Agp @fr.nom 3 i
APy’ =Py = Py = 580wl (2.33)

inv inv

where Apy = @ — @7°™ is the difference in rotor flux linkage between the actual and nominal

values. As shown above, the change in inverter power calculation caused by flux-linkage
mismatch is proportional to the motor speed and the g-axis current. The EEMF-based
sensorless control mainly works in the high-speed range. Therefore, flux-linkage mismatch has
the greatest influence on power calculation error and the performance of the proposed dc-link

voltage observer.
2.6 Experimental Results

In this section, the estimation and control performance of the EEMF-based sensorless control
method accounting for de-link voltage measurement error is verified. The effectiveness of the
proposed back-EMF harmonic suppression method on dc-link voltage observer and EEMF-
based sensorless control is demonstrated. The parameters of the prototype IPMSM are shown
in Table 2.1. For specific details regarding the experimental platform, please refer to Appendix
1. The prototype IPMSM is controlled by FOC based on dS1006 dSPACE, and the load
machine is a dc machine. The AC power supply with a 200 V peak value is employed.

TABLE 2.1
PARAMETERS OF THE PROTOTYPE IPMSM [CHE99]

Rated voltage (peak) 158V

Rated current (peak) 4.0A
Rated power 0.6 kW
Rated torque 4.0 Nm

Pole pairs 3
Winding resistance per phase 6.0 Q (20°C)

D-axis inductance 40 mH
Q-axis inductance 60 mH
D-axis inductance 40 mH
Swithcing frequency 10 kHz
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Notably, despite that the rated speed of the machine is 1000 r/min and the rated load is 4 Nm,
the presence of a small dc-link capacitor has significantly reduced the operational speed and
load capacity, even with the dc-link voltage approaching the machine rated voltage. Also, it is
worth mentioning that the turnaround time of the traditional control algorithm is around 12 us
in the experiments with a dSPACE. The utilisation of the proposed observer has minor

computational burden, and turnaround time is only increased by 0.65 us to 12.65 us.

2.6.1 Effect of DC-link Voltage Fluctuation on EEMF

The measured result of the estimated position error caused by the dc-link voltage fluctuation is
shown in Fig. 2.7. The dc-link voltage exhibits a peak-to-peak ripple of about 95 V.
Considerable harmonics exist in estimated back-EMFs, causing the estimated position error to
fluctuate from -5 degs to 5 degs and the performance of EEMF-based sensorless control

becomes worse.
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Fig. 2.7. Measured results of EEMF-based with fluctuating dc-link voltage. (a) dc-link voltage. (b)

Back-EMFs. (c) Position and estimated error.

2.6.2 Influence of DC-link Voltage Measurement Error

The measured results for the estimated position error, induced by dc-link voltage measurement
errors, are shown in Fig. 2.8 and Fig. 2.9. The original peak value of dc-link voltage is set at
200 V, with the motor operating at a speed of 500 r/min under a load of 2 Nm. Initially, it is
noted that harmonic distortions exist in the estimated position error, attributable to fluctuations
in the dc-link voltage. In Fig. 2.8, the measured dc-link voltage includes a dc offset ranging
from -20 V to 20 V. Consequently, the estimated position error varies between 12.5 degs and -
10.5 degs. Fig. 2.9 illustrates the scenario where the measured dc-link voltage is subject to a
gain error from -10% to 10%, resulting in a dc offset between -20 V and 20 and the average
value of the estimated position error shifting from 11 degs to -10.5 degs. The dc offset in the
estimated position error is directly proportional to the dc-link voltage measurement error,

which further compromises the control performance of the EEMF-based sensorless control.
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Fig. 2.9. Measured results of EEMF with dc-link voltage measurement gain error. (a) dc-link

voltage and estimated rotor position error. (b) Estimated back-EMFs.

2.6.3 Proposed DC-link Voltage Observer

Fig. 2.10 to Fig. 2.12 show the measured results of EEMF-based sensorless control under
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varying speeds (300, 400, and 500 r/min) with a constant load of 2 Nm, highlighting the
transitioning between normal dc-link voltage sensor operation, sensor failure, and subsequent
reliance on estimated dc-link voltage. Initially, the inverter power error, calculated using (2.22),
serves as an indicator of the dc-link voltage sensor's status. A power error average below -10
signifies sensor faults. Up to 9.4 s, the dc-link voltage sensor functioned correctly. The presence
of the small dc-link capacitor introduces system ripples as speed increases, yet the estimated
position error sustains a minimal dc offset. After 9.4 s, a -20 V dc offset in the measured dc-
link voltage results in an average power error larger than -10, a fault in the dc-link voltage
sensor and the introduction of an approximate -10 deg dc offset in the estimated rotor position.
The measured results suggest that the variation of speed has a negligible influence on the dc
offset in the estimated position error under dc-link voltage measurement error. After 10 s, with
the estimated dc-link voltage in use, a severe increase in system harmonics occurs due to
coupling issues. However, this change markedly reduces the dc offset in the estimated position

error, leading to its average close to zero.
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Fig. 2.10. Measured results of EEMF-based sensorless control at 300 r/min and under 2 Nm load
condition. (a) Measured and estimated dc-link voltages and power errors. (b) Measured and
estimated speeds and torques. (c) Back-EMFs and estimated rotor position error.

100

=
=
-

| —Estimated — Measured — Error, |

- |
h

=

=]
th
=

[
h

| Voltage sensor faulty

-
=

With Est_ug,

DC-link voltage (V)
Power error (W)

N
-

e
=
=

-

=

b ]

101

=
L)
k=
tn

”Time (53.9

(&) Measured and estimated dc-link voltages and power errors

LALY 12
| — Estimated — Measured —Torquc|

H

S
Torque (Nm)

With Est_ug,

.

Voltage sensor faulty

Speed (r/min)
§

i

-

-200

_
=
s

9.7 . 9.9 101
Time (s)

(b) Measured and estimated speeds and torques

84



100 120

| —Ed —Eq —Est_poserror 10053

%)

5 fu ' w3
7]

= l ! 60 5

= o b :

m. ! 1 F40

~ \ ! S

5_50 I Voltage sensor faulty | With Est_ug. [ 20 fi

| . e L L 5

-100 — : . 20
9.3 9.5 10.1 10.3

" Time (53'9
(c) Back-EMFs and estimated rotor position error

Fig. 2.11. Measured results of EEMF-based sensorless control at 400 r/min and under 2 Nm load
condition. (a) Measured and estimated dc-link voltages and power errors. (b) Measured and
estimated speeds and torques. (c) Back-EMFs and estimated rotor position error.
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Fig. 2.12. Measured results of EEMF-based sensorless control at 500 r/min and under 2 Nm load
condition. (a) Measured and estimated dc-link voltages and power errors. (b) Measured and
estimated speeds and torques. (c) Back-EMFs and estimated rotor position error.

Fig. 2.13 to Fig. 2.15 illustrate the measured results of EEMF-based sensorless control at 500
r/min and under varying loads (0, 1, and 2 Nm), following the sequence from normal dc-link
voltage sensor performance, sensor faults, using estimated dc-link voltage. Before 9.5s, the dc-
link voltage observer operates without fault, and the system harmonics are negligible on no-
load condition. However, as the load increases, the harmonics in the system increase. After 9.5
s, the measured dc-link voltage exhibits a -20V dc offset, leading to an increase in the estimated
rotor position error. After 10 s, with the estimated dc-link voltage in use, the harmonics in the

system increase rapidly, but the dc offset of the estimated position error is significantly reduced.
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Fig. 2.13. Measured results of EEMF-based sensorless control at 500 r/min and under 0 Nm
condition. (a) Measured and estimated dc-link voltages and power errors. (b) Measured and

estimated speeds and torques. (c) Back-EMFs and estimated rotor position error.
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Fig. 2.14. Measured results of EEMF-based sensorless control at 500 r/min and under 1 Nm
condition. (a) Measured and estimated dc-link voltages and power errors. (b) Measured and

estimated speeds and torques. (¢) Back-EMFs and estimated rotor position error.
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Fig. 2.15. Measured results of EEMF-based sensorless control at 500 r/min and under 2 Nm condition.
(a) Measured and estimated dc-link voltages and power errors. (b) Measured and estimated speeds and

torques. (c) Back-EMFs and estimated rotor position error.

2.6.4 Effect of Proposed Back-EMF Harmonic Suppression Method on DC-link Voltage

Observer and EEMF-based Sensorless Control

Fig. 2.16 to Fig. 2.18 show the measured results of EEMF-based sensorless control with
estimated dc-link voltage, without and with back-EMF harmonic suppression method under
different speeds (300, 400, and 500 r/min) and with a constant load of 2 Nm. Before 15.1 s,
significant harmonics exist in the system, and the system becomes unstable at 500 r/min. This
instability is attributed to the harmonics induced by the small dc-link capacitor and the coupling
issues between the estimated dc-link voltage and speed. After 15.1 s, the back-EMF harmonic
suppression strategy is implemented. Substantial decreases in the harmonics of the estimated
dc-link voltage, currents, rotor position error and speed can be observed. Particularly when the
motor operates at 500 r/min, the harmonics in the estimated dc-link voltage are greatly reduced,
with the peak-to-peak value reduced from 220 V to 125 V. The peak-to-peak value of the

estimated speed decreased from 600 r/min to 150 r/min, the peak-to-peak value of the estimated
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position error decreased from 40 degs to 8 degs, and the torque harmonics peak-to-peak value
reduced from 2.2 Nm to 0.25 Nm. It can be concluded that the proposed back-EMF harmonic
suppression method greatly improves the effectiveness of EEMF-based sensorless control

when the estimated dc-link voltage is utilized.

Fig. 2.19 to Fig. 2.21 show the measured results of EEMF-based sensorless control with
estimated dc-link voltage, without and with back-EMF harmonic suppression method at a
constant speed of 500 r/min and under varying loads (0, 1, and 2 Nm). Before 15.1 s, notable
harmonics existed in the system without the harmonic suppression method. Under no-load
conditions, the system exhibits minimal harmonics, validating the effectiveness of the proposed
dc-link voltage observer in the system with dc sources or large dc-link capacitor. After 15.1 s,
the back-EMF harmonic suppression method is utilized, and the harmonics are considerably
reduced across all load conditions. The measured results validate the feasibility of the proposed

voltage observer and the effectiveness of the back-EMF harmonic suppression method.
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Fig. 2.16. Measured results of EEMF-based sensorless control with estimated dc-link voltage,
without and with back-EMFs harmonic suppression method at 300 r/min and under 2 Nm condition.

(a) Measured and estimated dc-link voltages. (b) Measured and estimated speeds and torques. (c)

Back-EMFs and estimated rotor position error.
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Fig. 2.17. Measured results of EEMF-based sensorless control with estimated dc-link voltage
without and with back-EMFs harmonic suppression method at 400 r/min and under 2 Nm condition.
(a) Measured and estimated dc-link voltages. (b) Measured and estimated speeds and torques. ()

Back-EMFs and estimated rotor position error.
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Fig. 2.18. Measured results of EEMF-based sensorless control with estimated dc-link voltage
without and with back-EMFs harmonic suppression method at 500 r/min and under 2 Nm condition.
(a) Measured and estimated dc-link voltages. (b) Measured and estimated speeds and torques. (c)

Back-EMFs and estimated rotor position error.
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Fig. 2.19. Measured results of EEMF-based sensorless control with estimated dc-link voltage,
without and with back-EMF harmonic suppression method at 500 r/min and under O Nm condition.
(a) Measured and estimated dc-link voltages. (b) Measured and estimated speeds and torques. (c)

Back-EMPFs and estimated rotor position error.
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Fig. 2.20. Measured results of EEMF-based sensorless control with estimated dc-link voltage
without and with back-EMF harmonic suppression method at 500 r/min and under 1 Nm condition.
(a) Measured and estimated dc-link voltages. (b) Measured and estimated speeds and torques. (c)

Back-EMPFs and estimated rotor position error.
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without and with back-EMF harmonic suppression method at 500 r/min and under 2 Nm condition.
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Fig. 2.21. Measured results of EEMF-based sensorless control with estimated dc-link voltage

(a) Measured and estimated dc-link voltages. (b) Measured and estimated speeds and torques. ()

Back-EMFs and estimated rotor position error.

2.6.5 Effect of Parameter Mismatches

Fig. 2.22 shows the effect of resistance mismatch on the performance of the proposed voltage
observer and EEMF-based sensorless control method under different operating conditions. The

degree of resistance mismatch ranges from -20% to +20%. The estimated dc-link voltage error

and the estimated rotor position error are so small that they can be considered negligible.
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Fig. 2.22. Measured results of estimated voltage and position error versus R, mismatch with

different operation conditions. (a) Estimated dc-link voltage error. (b) Estimated position error.

Figs. 2.23 and 2.24 show the influence of dg-axis inductances mismatch on the estimated dc-
link voltage and position error under different operating conditions. The degree of dg-axis
inductances mismatch is between +20%. In Fig. 2.23, the estimated dc-link voltage error is
between + 2.5 V and the estimated position error is between + 0.25 degs considering the d-

axis inductance mismatch. In Fig. 2.24, the estimated voltage error is between + 3 V and the



estimated position error is between + 4 degs. which are negligible when considering the g-axis

inductance mismatch.
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Fig. 2.23. Measured estimated voltage and position error versus L, mismatch with different speed

and load conditions. (a) Estimated dc-link voltage error. (b) Estimated position error.
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Fig. 2.24. Measured estimated voltage and position error versus L, mismatch with different speed

and load conditions. (a) Estimated dc-link voltage error. (b) Estimated position error.

Fig. 2.25 illustrates the influence of flux-linkage mismatch on the estimated dc-link voltage
and position errors across various speed and load conditions. The flux-linkage mismatch level
is typically less than the resistance and inductance, the flux-linkage mismatch is confined
within a £10% range. According to the measured results, both the estimated dc-link voltage
error and the position error exhibit a direct correlation with the extent of flux-linkage mismatch.
Within the selected £10% flux-linkage mismatch range, considering different operation
conditions, the estimated voltage error is between * 13V, and the estimated position error is

between + 6.5 degs, which is acceptable in the sensorless control method.
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Fig. 2.25. Measured results of estimated dc-link voltage and position error versus ¢ mismatch with

different speed and load conditions. (a) Estimated dc-link voltage error. (b) Estimated rotor position

error.

2.6.6 Dynamic Performance of Improved EEMF-Based Sensorless Control with
Proposed DC-Link Voltage Observer

Figs. 2.26 and Fig. 2.27 show the dynamic control performance of the improved EEMF-based

sensorless control with estimated dc-link voltage and back-EMF harmonic suppression method.

In Fig. 2.26, the motor speed is increased from 200 r/min to 250 r/min with a load of 1.5 Nm,

and the peak-to-peak value of the measured dc-link voltage ripple is increased from 35 V to 60

V. In Fig. 2.27, the load is increased from 0.5 Nm to 1.5 Nm at 300 r/min speed. The peak-to-

peak value of dc-link voltage is increased from 35 V to 80 V. From Fig. 2.26 and Fig. 2.27, the

proposed dc-link voltage observer shows a good performance in both steady and dynamic states.

The EEMF-based sensorless control can also track the actual rotor position well.
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Fig. 2.26. Measured results with speed increased from 200 r/min to 250 r/min. (a) Speed and
estimated rotor position error. (b) dc-link voltage.
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Fig. 2.27. Measured results with load increased from 0.5 Nm to 1.5 Nm. (a) dc-link voltage. (c)
Estimated rotor position error and Torque.

2.7 Conclusion

This chapter has improved EEMF-based sensorless control for small dc-link capacitor-based
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IPMSM drive system. The effect of dc-link voltage fluctuation, together with dc-link voltage
sensor faults, especially the dc-link voltage measurement error, on the EEMF-based sensorless
control are studied. Theoretical and experimental analyses show that the dc-link voltage
fluctuation can introduce the harmonics in the estimated rotor position error, and the dc-link

voltage measurement error can cause the dc offset in the estimated rotor position error.

Firstly, this chapter proposed a dc-link voltage observer to estimate the dc-link voltage when
the voltage sensor fails. Experimental results demonstrate that the observer can accurately track
the dc-link voltage even under dec-link voltage fluctuation. The dc offset in the estimated
position error due to the dc-link voltage measurement error was eliminated effectively. It was
also demonstrated that the magnetic saturation and parameter mismatch have a minor effect on

the proposed observer.

Secondly, a coupling issue was identified in the simultaneous estimation of dc-link voltage and
speed, a back-EMF harmonic suppression method has been developed to effectively eliminate
the harmonics in the estimated back-EMFs. Experimental results have validated that the back-
EMF harmonic suppression method can improve the performance of the proposed dc-link

voltage observer and EEMF-based sensorless control.

It is worth mentioning that the proposed dc-link voltage observer can also be used in any
variable dc-link voltage drive system, such as EVs. Future work will focus on assessing the
effect of current sensor failures and other issues on the performance of the proposed dc-link

voltage observer.
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CHAPTER 3

OPTIMIZATION OF DC-LINK VOLTAGE
OBSERVER FOR SMALL DC-LINK CAPACITOR-
BASED IPMSM

In Chapter 2, the proposed dc-link voltage observer and the back-EMF harmonic suppression
method effectively mitigate the influence of dc-link voltage sensor faults and the dc-link
voltage fluctuation issues. These proposed methods ensure the stability and accuracy of EEMF-
based sensorless control in the presence of dc-link voltage sensor faults and dc-link voltage
fluctuation. However, practical applications often face additional challenges, such as time
delays and power losses, which can degrade the performance of the proposed dc-link voltage

observer and the EEMF-based sensorless control method.

To address these issues, this chapter first investigates the influence of these challenges on the
proposed dc-link voltage observer. Secondly, a time delay compensation method based on dc-
link voltage construction for the estimated dc-link voltage is proposed to eliminate the
influence of the time delays. Furthermore, a power compensation method is proposed to
mitigate the influence of power losses on the estimated dc-link voltage. These optimizations
not only enhance the precision of the proposed dc-link voltage observer but also extend its
applicability to more complex and demanding environments. Finally, the accuracy and
robustness of the proposed observer, along with the compensation methods, are validated by

experiments.
The major part of this chapter is based on the papers published in:

[YAN22C] . Yan, X. Wu, Z. Q. Zhu, and C. Liu, “A novel dc-link voltage observer with
time delay compensation for small dc-link capacitor-based IPMSM with
EEMF-based sensorless control,” in Proc. IEEE 2nd Int. Conf. Sustain.
Mobility Appl., Renewables Technol (SMART)., pp. 1-6, Nov. 2022.
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3.1 Introduction

In small dc-link capacitor-based PMSM drive systems, the dc-link voltage fluctuation is
inevitable, particularly during high-speed and heavy-load operations. The continuous variation
in dc-link voltage requires real-time and accurate acquisition of dc-link voltage information.
Therefore, in Chapter 2, a dc-link voltage observer is proposed to eliminate the effect of dc-
link voltage sensor faults. However, certain challenges may arise that could affect the
performance of the proposed dc-link voltage observer in practical applications. For instance,
in scenarios of fluctuating dc-link voltage, system sampling delay and observer delay due to
LPF may introduce significant dc-link voltage estimation errors. The power calculation errors
due to the extra motor losses and inverter losses may also introduce the dc-link voltage
estimation error, which further affects the performance of the EEMF-based sensorless control

method. These challenges should be further investigated and mitigated.
A. Time Delay Issues

Time delay issues can seriously affect the dynamic current response and stability of the PMSM
drive systems [YANZ22C]. In practical applications, these delays mainly origin from sampling,
calculation and LPF. These time delays can cause phase lags, which can reduce the accuracy
of the sampled signals [BAEO3] [COR12] [CHO12] [FIS14] [SEP16] [LU18] [DIN22B]
[YAN22D] [GON23] [CHA23] [NIC23] and estimated signals [XU17] [WU17] [ZHA19B]
[GON20A] [MAI21] [WU22] [PAI23] [LUO24]. This can lead to poor system dynamic
response and potential instability issues, especially during rapid load changes or high-speed
operation [YAN22D]. Therefore, these time delay issues must be resolved to ensure the
accuracy and stability of the PMSM drive systems.

The instability issues of full-digital regulators in PMSM drive systems caused by sampling and
calculation delays are theoretically studied and compensated in [BAEO3] [CHO12] [SEP16]
[LU18]. In [WUL17], the square-wave voltage injection method is used to detect magnetic
polarity, canceling the effect of time delay caused by LPF. In [COR12] [FIS14] [JIN19]
[GON23], the effects of sampling and calculation delays on the finite control set model
predictive control method are analyzed and addressed. In [GON20A], a hyperbolic function-
based switching function is implemented to reduce the chattering phenomenon of the sliding-
mode observer (SMO) caused by LPFs and a current pre-compensation scheme based on a
dual-sampling strategy in one switching period is proposed to solve the problem of calculation
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delay caused by digital computation. In [XU17] [ZHA19B] [MAI21] [WU22], the influence of
time delay issues caused by LPF and sampling process on HFSI-based sensorless control
method is investigated, and corresponding methods are proposed to mitigate those effects. In
[DIN22B], a beat phenomenon between the stator current harmonics caused by the voltage
sampling delay and the fundamental current is identified and a dc-link voltage reconstruction
method is proposed to mitigate this phenomenon. In [LUO24], a nonlinear saturation function
is proposed to mitigate the amplitude attenuation and phase delay problems caused by LPF in
SMO-based PMSM inter-turn short-circuit fault detection strategy.

B. Power Calculation Error Caused by Extra Motor Losses and Inverter Losses

In practical applications, PMSM drive systems could inevitably exhibit losses [BERO1]
[ZHUO02] [LEEO09] [ZHU11A] [HAS12] [NI15] [DIN16] [LAI20], especially motor losses and
inverter losses, which can seriously affect the accuracy of power calculations in the proposed
dc-link voltage observer. However, an ideal inverter without power losses and neglected motor
losses is assumed in Chapter 2, leading to an underestimation of the actual power losses.
Accurate power calculation, which considers all forms of system losses, is essential for the
proposed dc-link voltage observer to function properly and provide accurate and reliable
voltage estimations. Therefore, this Chapter considers the realistic losses and implements a
power compensation strategy to improve the accuracy of the proposed dc-link voltage observer

and enhance the control performance of the EEMF-based sensorless control method.

This chapter extends the analysis of the influencing factors on the proposed dc-link voltage
observer described in Chapter 2 by considering practical factors such as time delays and system
losses, and further optimizes the proposed dc-link voltage observer. In Section 3, the influence
of time delays on the estimated dc-link voltage and estimated position error is examined, and
a delay compensation method is proposed to mitigate these effects. In Section 4, the power
calculation errors caused by system losses and their effect on the estimated dc-link voltage and
estimated position error are investigated, with a compensation strategy introduced to correct
these estimation errors. Section 5 presents experimental results demonstrating the accuracy and
robustness of the optimized dc-link voltage observer, while Section 6 concludes this chapter

by summarizing the findings and improvements.
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3.2 Proposed DC-Link Voltage Observer

As described in Chapter 2, assuming an ideal inverter with no power losses, the power balance
equation for the inverter can be expressed as

3, . . .
Py = 5 (uala +uqlq) = Uaclac (3.1)
The dc-link current can be calculated by

idC = iasl + ibSZ + iCS3

3.2)
Then, the actual inverter power can be expressed by
3 P - dig - di . -
P = 5 {RS(L(ZI +i2) + (Ldldg + Lyig d—:) + we|esig + (L — Lq)ldlq]} (33)

In the proposed dc-link voltage observer outlined in Chapter 2, and as shown in Fig. 3.1, an
LPF is used to remove the high-frequency harmonics generated by the differential process
described in (3.3). However, the LPF introduces delays in the estimated dc-link voltage that
can adversely affect the accuracy, dynamic response, and stability of the proposed dc-link

voltage observer.

Moreover, the proposed observer does not fully account for system losses. According to (3.3),
the observer only considers the copper losses due to the fundamental current components. It
neglects the additional losses introduced by current harmonics, which result from inverter
nonlinearity and dc-link voltage fluctuations. These harmonics introduce torque ripples and
additional power losses that are not considered in Chapter 2. Furthermore, the observer does
not account for iron losses (including hysteresis and eddy current losses) and stray losses. Thus,
the observer underestimates the actual power dissipation in the system, leading to less accurate
dc-link voltage and position estimations. To improve the accuracy and robustness of the dc-
link voltage observer, it is essential to consider these practical factors and implement a
comprehensive loss model that includes copper losses, iron losses, and stray losses. The
corresponding compensation strategies for the system delays and losses is needed to further

enhance the performance of the proposed observer.
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Fig. 3.1. Block diagram of the proposed dc-link voltage observer in Chapter 2.

3.3 Effect of Time Delays on Estimated DC-Link Voltage and Compensation
Method

3.3.1 Effect of Observation Delay

As mentioned above, the LPF delay introduces the phase difference between the actual and
estimated dc-link voltage, which produces a large periodic estimation error. When the
estimated dc-link voltage is used as the input of SVPWM, the periodic estimation error could
introduce dg-axis voltages and currents harmonics which can eventually degrade the control

performance of EEMF-based sensorless control method.

Assuming that the delayed time caused by LPF is t;pr, the estimated dc-link voltage is

presented by:

n
U = ugly + ) uithy sinl 2k (¢ = tupr) + 9] -
k=1 '

3.3.2 Effect of Sampling Delay

The conventional SVPWM which is utilized in this research has an approximate sampling delay
of 1.5 sampling cycles [BAEQ3] [DIN22B]. As shown in Fig. 3.2, the typical time sequence
involves dc-link voltage sampling, control algorithm computation, and PWM output. At the
nth sampling time nTy, dc-link voltage is sampled. The calculation of the control algorithm is
executed between nT and (n+1)T,. After a delay of one sampling period, the PWM is updated
and output between (n+1)T,; and (n+2)T;. When following this time sequence, there is an
inherent 0.5T, delay in the PWM output. Consequently, the cumulative delay in the dc-link
voltage, which includes both the calculation delay and PWM output delay, will be 1.5T.

Therefore, the sampling delay will cause a 1.5T, delay in the measured and actual dc-link
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voltage, which may lead to harmonic error. This error can affect the control performance of
EEMF.

DC-link voltage PWM update

is sampled
3 r 3 r 3
u - o - — L |
I Control : : Updated PWM :
| algorithm i1 output =»with
/] /| /| ’
0. 0.+ T, w, 0. +2T; w,
nT, (n+1)T (n+2)T

Fig. 3.2. Time sequence of sampling, calculation, and PWM output.
Considering the sampling delay and LPF delay, the estimated voltage can be expressed as:

n

uGet = ugily + ) uth sin[ 2k (¢ — ta — tz,) + ]
2

P (3.5)

Fig. 3.3 compares the proposed dc-link voltage observer using LPFs with different cutoff
frequencies. In the left side, the LPF cutoff frequency is set to 300 Hz, while on the right side
with a cutoff frequency of 600 Hz. When the cutoff frequency is 300 Hz, the estimated dc-link
voltage waveform closely matches the measured fluctuating dc-link voltage. However, this
introduces a significant estimation voltage error harmonic due to the LPF delay, causing
notable harmonic errors in the estimated rotor position. Conversely, with a 600 Hz cutoff
frequency, the 100 Hz harmonic in the estimated voltage error is reduced greatly, but higher-
order harmonic components increase, leading to a decrease in the observer's overall

performance.
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Fig. 3.3. Estimation performance of the proposed dc-link voltage observer with different
cutoff frequencies of LPF (left column 300 Hz, right column 600 Hz). (a) DC-link voltage

and estimation error. (b) Rotor position and estimation error.

3.3.3 Delay Compensation Method

To reduce the influence of time delays, the delay time due to the LPF is calculated first and the
estimated dc-link voltage is reconstructed according to its periodicity. The delay time caused
by the LPF can be expressed as

_ 1
- 2mf. (3.6)

ta

where f. is cutoff frequency of the LPF, t, is the delay time caused by LPF.

If the cutoff frequency of the LPF is 300 Hz, the delay time can be calculated as

t, = ——— = 0.00053
4= 27300 S (3.7)

Therefore, for LPF with a cutoff frequency of 300 Hz, the delay time is approximately 0.00053

s, which corresponds to a delay of 5.3 T; for the system with a sampling frequency of 10 kHz.
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According to the calculated delay time and the periodicity of dc-link voltage, the previous
period of fluctuating dc-link voltage can be easily obtained. Fig. 3.4 shows the block diagram
of delay compensation method. Firstly, the band pass filter (BPF) is used to obtain 100Hz ac
component which is the dominant harmonic of fluctuating dc-link voltage. Then, the 100Hz ac

component will be delayed at certain times. The estimated voltage is reconstructed by

Kdelay = t_d+ 15
T, (3.8)
Tdc
K, = =% =100
dc = (3.9)
uzilay_comp — (uﬁsf _ u;‘c*’g) + u;‘:gz—(ch—Kdelay) (3 10)

where Kge14y is the delayed sampling times, T is the sampling time, which is 0.0001 s,

delay_comp

Uy, is the reconstructed dc-link voltage, K, is the sampling times in one voltage

harmonic period. T, is the time of one dc-link voltage fluctuation cycle which is 0.01 s, Z
represents delay.

P cal Zwg udelay_comp

uest u
— [ PIR }—{ LPF }—f{ BPF }fzKaKicwy) }

i est =
Lac Ugc +

Proposed dc-link voltage observer DC-link voltage reconstruction method

Fig. 3.4. Proposed dc-link voltage observer with delay compensation.

3.4 Effects of System Losses on Estimated DC-Link Voltage and
Compensation Method

3.4.1 System Losses

A. Motor Losses

In PMSM drive systems, power losses include both motor losses and inverter losses. Motor
losses mainly consist of copper losses, iron losses, and stray losses. Inverter losses primarily
include switching losses and conduction losses [BERO1] [ZHUO02] [LEEQ9] [ZHU11A]
[HAS12] [N115] [DIN16] [LAI20]. The overall power loss can be expressed by
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Pioss = Pey + Py + P + By, + Py (311)

Copper losses occur due to the stator windings and are directly proportional to the square of
the current flowing through the windings and can be expressed by [LEE09]

P, = 1.5R(if + i2) (3.12)

Iron losses, including hysteresis losses and eddy current losses. The iron losses are frequency-
dependent, with higher motor speeds resulting in increased losses. The iron losses can be
approximated as [BERO1] [ZHUO0Z2]

Py = Khwe(p% + Kewgq)]% (3.13)

where Kj, and K, are the coefficients of hysteresis loss and eddy current loss, respectively. The
hysteresis loss coefficient K, = 1.71 x 1072, the eddy current coefficient K, = 4.39 x 107>
[CHE99] [ZHUO02].

Stray losses are caused by space harmonics and slot harmonics in the winding, as well as
additional losses from manufacturing imperfections and leakage flux which can be expressed
by [[LEEO09]]

Psty = 1.5Cs, w2 (i3 + i2) (3.14)

where Cy;, is the stray loss coefficient. Stray loss can be considered as the equivalent copper
loss, which has a speed-dependent resistance. The stray loss coefficient Cg, = 4.6 * 1077
[CHE99].

B. Inverter Losses

The losses in an inverter consist of switching losses and conduction losses. The expression of
the switching loss P,,, of the IGBTs and the diodes is given by [HAS12]

f Ug \/EI
==. (Eon,t + Eorri + Eorr,p) .=

p. =1
sw VA vref Iref (315)

where /21, is the peak value of fundamental component of the ac line current, Vyer aNd Lo f
are the reference voltage and current, respectively. Egy ; and Eypp ; are the turn-oN and turn-
OFF energy losses of the IGBT, respectively. Eypp p are the turn-oFF energy losses of the diode

due to reverse recovery current.
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The conduction losses can be given by [HAS12]

P —\/§<1+1 ) 1+21+1 2
co,l — 2T 80(COS(p Vceoln (8 37T aCOS(p)rce n (3.16)

1 1 1 1 5
Peop = V2 (— ~3 acosq)) vpl, + 2(§ — gacosq))rpln

21 (3.17)

where P,,; and P, are the conduction loss of inverter and diode, a and ¢ are the
modulation index and the power factor angle, respectively. v,, and r,, are the fixed ON-state
voltage drops and the ON-state resistances for IGBT, v, and ry are the fixed ON-state voltage
drops and the ON-state resistances for diode, respectively. Because there are six IGBTs and
diodes in an inverter, the total losses are given by

P = 6(Psy, + Pco,I + Pco,D) (3 18)

As discussed above, the inherent power losses in the practical operation could cause the
calculated power to be lower than the actual power. This difference leads to a dc offset in the
estimated dc-link voltage. Therefore, a power loss compensation method is important for
ensuring the accuracy and stability of the proposed dc-link voltage observer which is presented

in the next.

3.4.2 Current Harmonics Losses

In addition to DC power losses, the AC power losses caused by dc-link voltage fluctuations
and inverter nonlinearity should also be considered, especially in small dc-link capacitor-based
PMSM drive system. These losses result in increased copper losses and stray losses. The skin
depth &4, Can be obtained by [HE22] [L1A24B]

Tfu (3.19)

where p is the resistivity of the conductor, u is the permeability of the conductor, and f
represents the fundamental frequency. In this chapter, the wire diameter is specified as 0.51
mm, which is significantly smaller than the skin depth of 6.52 mm at a rated speed of 1000

r/min. Consequently, the skin effect can be considered negligible.

A. Effects of Inverter Nonlinearity
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In the practical application, it is necessary to introduce dead-time intervals to prevent
simultaneous triggering of the inverter's switching devices on the same bridge arm. These
switching devices exhibit nonlinear characteristics. These nonlinear factors result in distortion
of the motor stator voltage, and the presence of high-order harmonics in the currents.
Considering the inverter nonlinearity, the three-phase currents in the stationary abc coordinate
system can be expressed as [ZHA04] [HWA10]

( ig=11 sin(w,t+0;) +is sin(-5w,t+65) +i; sin(7w,t+06-)
2 2 2
[p=14 Sin (wet+91-—n) +i5 sin <-5wet+95-—rr) +i, sin <7a)et + 97-—7T>
3 3 3
5 2 (3.20)
i.=i, sin (a)et+91+ §n) +ic sin (—5w5t+95+ §n) +i, sin <7wet+97+ §TL’>
where i,, is, and i- are the fundamental, 5th and 7th harmonics.
Then, the dg-axis currents can be presented as:
g = igo + i5cos(—6wet + O5) + i; cos(bw,t + 6;)
lqg = lgo T isSin(—6wet + Os) + i; sin(bw,t + 6;) (3.21)
After simplification:
iqg =igo+igesin(6wet+046)
iq =igo +igesin(6wet +646) (3.22)

where ig g, ig0, g6 and i ¢ are the fundamental and 6th harmonics of dg-axis currents.

B. Effects of DC-Link Voltage Fluctuation

Due to the use of the small dc-link capacitor, the dc-link voltage has a harmonic which is twice
the grid frequency. The voltage margin of the dg-axis current controllers can easily be
insufficient. In this case, the dg-axis currents produce twice the grid frequency harmonic,
especially when the motor speed is high or the load is large, the dc-link voltage fluctuation
could be very significant. Therefore, it is necessary to consider the large amount of power

consumed by dc-link voltage fluctuation. Hence, the dg-axis currents i; and i, under dc-link

voltage fluctuation are presented as

id = id,O + id,l Sln( Za)gt + Qd,l)
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Considering the harmonics introduced by inverter nonlinearity and dc-link voltage fluctuation,
the dg-axis currents can be expressed as

ig =lgo +ig1Sin(2wyt + 04,) +ige sin(6wet + 6y6)
lg =1lg0tig1 sin( 24t + 6q,1) +ig6 Sin(6a)et + 9q,6) (3.24)

Fig. 3.5 shows the measured results when the speed is 100 r/min (corresponding to the base
frequency of 5 Hz), the load is 2 Nm, the inverter deadtime is 0.5 ps, and the dc-link voltage
amplitude is 100 V. Significant harmonics are generated in the dg-axis currents and inverter
power due to the inverter nonlinearity and dc-link voltage fluctuation. As shown in Fig. 3.6,
the harmonics components include the 6th harmonic (30 Hz) caused by the inverter nonlinearity
and twice the grid frequency component (100 Hz). Since these harmonics consume a certain
amount of power, the mains power calculated in the observer is smaller than the actual value,

resulting in an underestimation of the dc-link voltage, which ultimately leads to a dc offset in
the estimated dc-link voltage.
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Fig. 3.5. Measured results when the system with current harmonics. (a) Dg-axis currents.

(b) Inverter power.
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Fig. 3.6. Spectra of dg-axis currents and power with inverter nonlinearity and dc-link

voltage fluctuation. (a) Dg-axis currents. (b) Inverter power.
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3.4.3 Power Losses Compensation Method

As analyzed earlier, the 6th harmonic introduced by the inverter nonlinearity and twice the grid
frequency harmonic introduced by dc-link voltage fluctuation will consume additional power.
This additional power consumption will cause a dc offset in the calculated inverter power
which is the input of the dc-link voltage observer. Then, the dc offset will occur in the estimated
dc-link voltage and estimated position error. To solve this problem, this chapter proposes a
power losses compensation method. The basic principle of the proposed compensation method
is to calculate the power losses and compensate. The block diagram of the overall optimization

method is shown in Fig. 3.8.
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Fig. 3.7. Block diagram of signal processing.
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Fig. 3.8. Block diagram of the dc-link voltage observer optimization method.

3.5 Experimental Results

In this section, the estimation and control performance of proposed dc-link voltage observer
and the influence of time delays and power losses on the estimated dc-link voltage error and
estimated position error is first verified. Then, the effectiveness of delay compensation method

and power compensation method are validated.
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3.5.1 Effect of Time Delay and Power Loss Issues

Fig. 3.9 shows the influence of time delay and power loss issues on the proposed dc-link voltage
observer. The speed is 200 r/min with a load of 1 Nm. In Fig. 3.9(a), the dc-link voltage
observer can estimate the fluctuating dc-link voltage. However, the estimated dc-link voltage
error contains a large dc offset and considerable harmonic errors. When the estimated dc-link
voltage is applied to the system, it introduces the g-axis current harmonic as shown in Fig.
3.9(b). The estimated position error also produces significant dc offset and harmonic errors as
shown in Fig. 3.9(c). From Fig. 3.10, the estimated dc-link voltage error harmonic (100Hz)
generated by the delays is approximately 6.75% of the peak value, and the estimated position
error harmonic component is around 3.15 deg; the dc offset in estimated dc-link voltage error
caused by the power losses is about 11.5% of the peak value and the dc offset in estimated
position error is 5.8 deg. Therefore, it is crucial to propose effective suppression strategies to

reduce the estimated dc-link voltage errors and resulting estimated rotor position errors.
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Fig. 3.9. Measured results with dc-link voltage and position sensorless control. (a) dc-link voltage

estimation. (b) Q-axis current and speed. (c) Rotor position estimation.
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Fig. 3.10. Spectra of estimated dc-link voltage error and estimated position error. (a) dc-link voltage

estimation. (b) Rotor position estimation.

3.5.2 Time Delay Compensation

Fig. 3.11 shows the effectiveness of delay compensation method in reducing the harmonics in
the estimated dc-link voltage error and estimated position error. Before 5s, the estimated dc-
link voltage is used in the system, the harmonics in the estimated dc-link voltage error, the g-
axis current, and the estimated position error are large because of the delay issues. After 5s, the
delay compensation method is applied. The ripple of estimated dc-link voltage error peak-to-
peak value is reduced from 75 V to 5 V, and the control performance of EEMF-based sensorless
control method is also improved. Fig. 3.12 shows the spectra of the estimated dc-link voltage
error and the estimated position error before and after applying the delay compensation method.
When the delay compensation method is used, the 100Hz harmonic component in estimated
dc-link voltage error is reduced from 6.75% to 1.25%, and position error is reduced from 3.15
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deg to 0.3 deg. However, the dc offset in estimated dc-link voltage error and the estimated

position error are considerable and need to be suppressed in the next section.
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Fig. 3.11. Measured results before and after delay compensation. (a) dc-link voltage estimation.

(b) Q-axis current and speed. (¢) Rotor position estimation.
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Fig. 3.12. Spectra of estimated dc-link voltage error and position error before and after delay

compensation. (a) dc-link voltage. (b) Rotor position estimation.

3.5.3 Power Losses Compensation

Fig. 3.13 shows the effectiveness of the proposed power compensation strategy in suppressing
the dc offset in the estimated dc-link voltage error and the estimated position error. The motor
speed is 200 r/min, and the load is 1 Nm. Before 5.05s, the inverter power average value is
about 37.5 W, and the power loss is caused by the current harmonics. In this case, the estimated
dc-link voltage error has a dc offset of approximately 22 V. The estimated position error also
has a dc offset of approximately 5.7 degrees. After 5.05s, the proposed compensation strategy
is applied. The average power has increased to 40 W. The dc offset of estimated dc-link voltage
error and estimated position error is eliminated. Fig. 3.14 shows the spectra of estimated dc-
link voltage error and estimated position error before and after the use of power compensation
method. From Fig. 3.14, after applied the power compensation, the dc offset in the estimated

dc-link voltage error and the estimated position error are significantly reduced.
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Fig. 3.13. Measured results before and after current harmonic compensation. (a) dc-link
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Fig. 3.14. Spectra of estimated dc-link voltage error and position error before and after

current harmonic compensation. (a) dc-link voltage. (b) Rotor position estimation.
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3.5.4 Dynamic Performance

Fig. 3.15 and Fig. 3.16 show the dynamic performance of the proposed dc-link voltage observer
after using the delay compensation and power compensation method. The dc-link voltage
amplitude is 200 V. In Fig. 3.15, the load is 0.5 Nm. As the motor speed is increased from 200
r/min to 250 r/min, the peak-to-peak value of the dc-link voltage has risen from 40 V to nearly
65 V. The dc-link voltage observer can not only accurately estimate the static dc-link voltage
but also tracks dynamic variation of dc-link voltage. Simultaneously, the precise rotor position
can be estimated. In Fig. 3.16, the load increases from 0.5 Nm to 2 Nm, and the peak-to-peak
value of dc-link voltage increases from 40 V to 130 V. The dc-link voltage observer can still
track the changing dc-link voltage. The estimated rotor position is also accurate. These results
have clearly illustrated the accuracy of the proposed dc-link voltage observer.
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Fig. 3.15. Measured results with speed increased from 200 r/min to 250 r/min. (a) O-axis

current and speed. (b) dc-link voltage estimation. (c) Rotor position estimation.
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Fig. 3.16. Measured results with load increased from 0.5 Nm to 2 Nm. (a) Q-axis current

and speed. (b) dc-link voltage estimation. (c¢) Rotor position estimation.
3.6 Conclusion

To reduce the cost and increase the reliability of EEMF-based sensorless control method in
small dc-link capacitor-based PMSM drive systems. An improved dc-link voltage observer is
proposed by utilizing a PIR-type observer to estimate the fluctuating dc-link voltage. In
addition, for the main harmonic error (100 Hz) in dc-link voltage and position estimation
caused by time delays, a periodicity-based dc-link voltage reconstruction method is
implemented to eliminate the effect. Furthermore, a power compensation strategy is proposed
to mitigate the dc offset in the estimated dc-link voltage and the estimated position caused by
extra power losses. Finally, the effectiveness and robustness of the proposed dc-link voltage
observer together with delay compensation and power compensation method are verified by

experiments.

121



CHAPTER 4

NOVEL POSITION SENSORLESS CONTROL
STRATEGY FOR IPMSM DRIVES WITH SMALL DC-
LINK CAPACITOR

In small dc-link capacitor-based PMSM drive systems, the conventional position sensorless
control method based on HF voltage signal injection may be limited by insufficient dc-link
voltage caused by dc-link voltage fluctuation. Moreover, conventional HF voltage signal
injection methods can increase losses, torque ripples, and acoustic noise. To tackle these
challenges, this chapter proposes a novel sensorless control method utilizing the unavoidable
current harmonics induced by inherent dc-link voltage fluctuation to obtain the rotor position,
without extra HF voltage signal injection. Furthermore, the unavoidable current harmonics are
also used to determine the magnetic polarity and demonstrate better performance than the
conventional secondary harmonics-based polarity detection method, especially under heavy
load conditions. Regarding the sensitivity of the proposed method to motor parameter
mismatch, a lookup table is designed based on the FEA to mitigate the influence of the
parameter mismatch on the estimated position error. Experimental results demonstrate the
effectiveness and robustness of the proposed sensorless control and magnetic polarity detection
methods, particularly under heavy load conditions.

This chapter is based on the paper submitted in:

J. Yan, Z. Q. Zhu, X. M. Wu, Y. Chen, H. Yang, L. H. Yang, C. H. Liu, “A novel position
sensorless control strategy for IPMSM drives with small dc-link capacitor,” IEEE Trans. Power

Electron., Under review.
4.1 Introduction

In recent years, the small volume dc-link capacitor-based PMSM drive systems have become
a hot research topic, especially in household appliances, where precise control is less critical
[JUN14]. This approach significantly reduces the volume, weight, and cost of the system, etc.
[SAROS5] [WAN18A][ZHA19A]. Despite these benefits, small dc-link capacitor can inevitably
cause dc-link voltage fluctuation under high-speed and/or heavy load conditions, which may

deteriorate the control performance of the system. For example, the adoption of small dc-link
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capacitor introduces increased torque ripple [LIU22], lower dc-link voltage utilization
[WAN20C], and LC resonance-induced grid current degradation persistent [LEE14] [SON15]
[SON17]. Dynamic load changes such as compressors can also cause beat phenomenon with

fluctuating dc-link voltage [ZHA19B].

Furthermore, the fluctuating dc-link voltage could worsen the control performance of various
control strategies such as FW control [DIN19] [HUO22B] and position sensorless control
[HUA17] [HUO23] [DIN24A] [LI124] [YAN24]. For the fundamental model-based position
sensorless control method used in the medium and high-speed ranges, the dc-link voltage
fluctuation can lead to fluctuating back-EMFs [HUA17] [HUO23] [DIN24A] [L124] [YAN24].
The estimated position error obtained by back-EMFs could consequently fluctuate and the
control performance of the system deteriorates inevitably. In [HUA17] [HUO23] [DIN24A]
[YAN24], different filters are developed to suppress the harmonics in estimated back-EMFs
and estimated position errors to improve the accuracy of the sensorless control method. In
[LI24], an adaptive synchronous rotating frame transformation is introduced to suppress the

back-EMF harmonics caused by a small dc-link capacitor.

For the conventional position sensorless control method at zero or low-speed range, an extra
HF voltage signal is injected into the system, and the rotor position and magnetic polarity
information is deduced from the induced HF current signal [JEO05B] [JANO06] [LI09] [RAC10]
[YOOI11] [CUPI12] [GON13] [XU16A] [XU16B] [WAN16] [YAN17] [WAN17A] [WAN17B]
[ZHA18B] [NAD24]. In the small dc-link capacitor-based PMSM drive system, the inherent
dc-link voltage fluctuation caused by small dc-link capacitors could reduce the effective
voltage for signal injection. The insufficient injected voltage restricts the induced current signal
for accurate position estimation and magnetic polarity detection, which leads to poor starting
torque and unstable low-speed operation, ultimately compromising the control performance

and efficiency of the PMSM drive systems.

However, the previous research has not yet discussed the influence of insufficient dc-link
voltage caused by small dc-link capacitors on the conventional HFSI-based sensorless control
method and magnetic polarity detection method. Furthermore, no research has proposed

corresponding mitigation methods for this issue.

Therefore, this chapter first identifies the instability issues of conventional HFSI-based
sensorless control method caused by small dc-link capacitor. To address these instability issues,

a novel position sensorless control method and magnetic polarity detection method for small
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dc-link capacitor-based IPMSM drive systems is proposed. The proposed methods utilize the
inherent current harmonics introduced by the fluctuating dc-link voltage to estimate the rotor
position and detect the magnetic polarity without the need for extra HF voltage signal injection.
By utilizing these inherent harmonics, this chapter addresses the limitations of conventional
sensorless methods with insufficient dc-link voltage, providing a robust solution to the
challenges caused by small dc-link capacitor. In addition, in case of sensitivity of the proposed
sensorless control method to inductance parameter mismatch due to magnetic saturation effect,

a lookup table is designed based on the FEA to mitigate these effects.

The rest of this chapter is organized as follows. Section 4.2 describes the conventional HF
pulsating signal injection-based sensorless control method and the dc-link voltage fluctuation
issues in small dc-link capacitor-based IPMSM drive systems. Section 4.3 introduces the
proposed sensorless control method and the magnetic polarity detection method for the small
dc-link capacitor-based IPMSM drive systems. A lookup table is designed according to FEA to
eliminate the effects of parameter mismatch on the proposed sensorless control method.
Experimental validation of the proposed methods is presented in Section 4.4, demonstrating
their accuracy and effectiveness under various operation conditions. Finally, Section 4.5

summarizes this chapter.
4.2 DC-Link Voltage Fluctuation Issues

As discussed in Chapter 1, Section 1.3.1, the harmonics at frequencies of 100 Hz and 200 Hz
arise in small dc-link capacitor-based PMSM drive system. The measured results are presented
in Fig. 4.1. The dc-link capacitance is set at 20 uF, the motor speed is maintained at 100 r/min,

and the g-axis current is 2 A.
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Fig. 4.1. Measured results of small dc-link capacitor-based IPMSM drive system. (a) dc-link

voltage and g-axis current. (b) Spectrum of dc-link voltage. (c) Spectrum of g-axis current.

It can be observed that the dc-link voltage fluctuates severely, with the peak-to-peak value of
dc-link voltage ripple reaching 120V, the mean value of dc-link voltage dropping to 110V, and
the minimum value of dc-link voltage dropping to 30V. The considerable dc-link voltage
fluctuation could restrict the feasibility of the conventional HFSI-based sensorless control
strategies that rely on the extra voltage signal injection, especially pronounced under heavy

loads or dynamic changes process.

Therefore, the novel position sensorless control strategy that remains unaffected by severe dc-
link voltage fluctuation is essential to be developed, especially zero or low-speed scenarios to

ensure accurate rotor position estimation.
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4.3 Proposed Sensorless Control Method in Small DC-Link Capacitor-Based
PMSM Drive Systems

In response to the challenge mentioned above, a novel sensorless control strategy is proposed
in this section. The proposed strategy eliminates the need for injecting extra voltage signals,
instead utilizing the inherent current harmonics induced by the small dc-link capacitor to
estimate the rotor position and magnetic polarity. Fig. 4.2 shows the block diagram of the
proposed sensorless control method and magnetic polarity detection method utilizing inherent

dc-link voltage fluctuation.
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Fig. 4.2. Block diagram of proposed sensorless control method with magnetic polarity detection

method utilizing inherent dc-link voltage fluctuation.

4.3.1 Proposed Sensorless Control Method Utilizing Inherent DC-Link Voltage

Fluctuation

Due to the dc-link voltage fluctuation, the corresponding fluctuating dg-axis voltages can be

expressed as [WAN20B]

n
Ugo + Z Ug  SIN(2kwgt + Qg k)
k=1

[Zz] - (4.1)

n
Ugo T Z Ug i SIN(2kwgt + @q )
| k=1 _

where ug, o and ugg . are the dc components and the kth order harmonics of dg-axis voltages,
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Paq,x are the phase angles of the kth order harmonics of dg-axis voltages.

Due to dc-link voltage fluctuate on, the current response in the estimated synchronous reference
frame can be expressed as

1
—cos (2A60 —sin (2A6
ldh 100- k] [ (286,) Ly (286,) _|%an,100€0S (W100kt + Pa,0i)

1 1 u 1€0S (w1001t + 4.2
lqh 100k ~ sin (246,) —- cos (206,) qh,100-k (W100k Pq100) (4.2)

p n
where Uggn 100k Lagn,100-k» A0d Pagq, .., are the voltages, currents, and phase angle of 100 - k

Hz dg-axis harmonics, k is an integer greater than or equal to 1, wqgq. 1S 27X 100 - k.

After simplification,

~

lidh,loo.kl:[Dp+Dncos (206,) Q,sin (246,.) l
r)

Lgh100-k D,,sin (246,) Qp — Qncos (246
; 4.3
sin (W100-kt + Pa,g01) (43)
sin (w100-kt + Pgy90.4)
D. = Ud,100-k — Ud,100-k — Uqg,100'k — Ug,100'k
p w100-kLp’ T wigokln” P w100kLp’ T wig0kln (4.4)

From (4.1) and (4.3), it is evident that both d-axis and g-axis currents exhibit HF harmonics
whose frequencies are integer multiples of 100. However, the amplitudes and phases of these
harmonics are not identical. As a result, conventional HFSI-based sensorless control methods
are inadequate for decoupling and estimating the rotor position under these conditions.

Consequently, this chapter proposes a novel demodulation method as described below.

|idh,100-k| — LPF <[ldh 100k 2 Sm(wwo kt T Pq100k D
' Lgh,100-k2 Sm(wloo kbt Paygo k)

_ LPE <[Dp + D, cos (246,) Q,,sin (2A6,) l Isin (w100t + q}dm'k)l 4.5)

D,,sin (2A6,.) Qp — Qncos (2A6,) |sin (w100-kt + q)thoo-k)

_ 2sin (w1gokt + Pgio04)
2sin (w10-kt + Pa,g0x)
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_ LPF D,, + Dycos (2406,) Q,sin (2A6,) . sin (w1gp-xt + (pdloo.k)
Dysin (246,) Qp — Qncos (240,)| |sin (w10t + Pgyg0x)

2sin (wygg.xt + (plhoo-k)l
2sin (w100kt + Pa,g0r)

{[Dp + D, cos(24A8,) ] sin(wy gt + (pdloo-k) +
Qnsin (2A6,)sin (w100-kt + Pgyg04)
{[Dp + D, COS(ZAGr)] Sin((‘)IOO'kt + godwo-k) +
Qnsin (246;)sin (W100-kt + Pg,o0.)

}Sin (W100kt + Pgy004)
= 2LPF

}sin (w100kt + Pgy0s)

_ [Qnsin(2A8,) + Dp6aq + Dy cos(240,)6 44
| Dy sin(246,) +Q,6844 — Q@ cos(246,) 5,4,

6dq = COos ((puq - (pud) (4.6)
Therefore, the estimated position error could be derived by the dg-axis carrier currents.

2

Dy, |- D2\
lqh,100-k| —2Dy64q = | Qn + Q_ sin(2A86,.)

A 4.7)
Lan100k| + =
|ldh,1oo kl 0.

n

(4.8)

- Dp R DpDn .
|ian100k| — 0, |lqh,1oo-k| + 2Dy, c0s(2A6,)844 = | Qn — 0 sin(2A6,)
p p

2

*d °q d *q :
where ign 100> Lgn 100> Lgh,100-k> @30 Lgp 100., are the demodulated dg-axis currents by phase

angle of dg-axis voltages, 6,44 is the cosine of the phase difference between dg-axis voltages.

From above equations, both (4.7) and (4.8) can be used to obtain signals containing rotor
position information. When the right side of (4.7) and (4.8) approaches zero, the actual rotor
position is accurately obtained. However, (4.7) is preferable to (4.8) for estimating the rotor

DpDp
Qp

position because (Qn — ) in (4.8) could potentially equal zero. This scenario would

adversely affect the accuracy of the rotor position estimation. In contrast, (4.7) does not have

this inherent issue, making it more reliable for precise rotor position estimation.

Fig. 4.3 presents the block diagram of the signal processing to extract the phase information of
dg-axis voltage harmonics. Through the signal processing, the phase and amplitude of the dg-
axis voltage harmonics can be obtained. Fig. 4.4 shows the block diagram of the proposed
sensorless control method. The 100 - kK Hz dg-axis current harmonics are obtained using a BPF.
Then, processed by (4.5) and (4.7). The signal with the rotor position information is obtained.

When the signal approaches 0 by the position observer, the actual rotor position is obtained.
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4.3.2 Magnetic Polarity Detection Utilizing Inherent DC-Link Voltage Fluctuation

Magnetic polarity detection is crucial to the effectiveness of the HFSI-based sensorless control
method, particularly due to the inherent variations in inductance caused by the magnetic
polarity that occur twice within one electrical period, leading to a 180-degree angle offset
[WAN20A] [ZHU23]. For the conventional secondary harmonic-based magnetic polarity
detection method, the d-axis induced current considering magnetic saturation can be simplified

as [JEOO5B]:

Lan,sat :[Ip+lncos(2A6r)]_Sin(w t)_l_[Isatcosz(AHr)cos(AGr)]_Sinz(w )
iqh,sat Isin(246,) " I5q:c0s? (AB,)sin(AB;,.) M (4.9)

where I, > 0.

The magnetic polarity information can be obtained by

2 2 1
Lan,cos(2wpst) = LPF(ldh,sat cos(Za)ht)) -T2 5at€0s%(A8,)cos(A6,) (4.10)

As can be seen from (4.10), with correct polarity alignment, idh,cos(z wnst) should be negative.

If idh,cos(z wnst) is positive, the estimated rotor direction should be adjusted by m to obtain the

accurate rotor position information.

In this chapter, the second harmonic-based magnetic polarity detection method utilizing
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inherent dc-link voltage fluctuation caused by the small dc-link capacitor is proposed. The
proposed method employs lower frequency with potentially larger amplitude signals than
conventional methods. Consequently, the detection results are more reliable than those
achieved with conventional methods. The lower frequency of the detection signal allows for a
higher signal-to-noise ratio (SNR), while the larger amplitude enhances the visibility of the
secondary harmonic components related to magnetic saturation effects, compared to the

conventional methods.

4.3.3 Effect of Parameters Mismatch

From (4.8), (4.23) and (4.26), to obtain the rotor position information, it is necessary to have
not only the amplitude of the dg-axis voltages but also accurate D,, which is related to the motor
inductance parameters. Thus, the inductance mismatches are unavoidable to considered when
design and implementation of the proposed sensorless control method. Any inevitable
mismatch in inductance parameters will affect the accuracy of D, and consequently, the
proposed sensorless control method. Such mismatches can lead to inaccuracies in rotor position
estimation and overall control performance. Therefore, the effect of parameter mismatches on
the proposed sensorless control method should be mitigated effectively.

D,, can be presented as

_ Ugiook _ Ua00k(Lan + Lgn)/2

D. = =
P W100-kLp w1oo-k(thth) (4.11)

Given the reliance of the proposed sensorless control method on dg-axis inductances, it is
essential to investigate the dg-axis inductances mismatch caused by magnetic saturation. Dg-
axis inductances are sensitive to magnetic saturation, which can significantly affect the

estimated rotor position and the performance of the proposed sensorless control method.

To address these concerns, a detailed FEA is conducted to examine the effects of magnetic
saturation on dg-axis inductances mismatch under various operating conditions. Fig. 4.5 shows
the FEA results, indicating that d-axis inductance decreases from 39 mH to 37 mH with varying
g-axis currents at ia = 0. Similarly, g-axis inductance decreases from 55 mH to 44.5 mH by

changes in g-axis current at ia = 0.
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Fig. 4.5. Dg-axis inductances under different dg-axis currents. (a) d-axis inductance. (b) g-axis

inductance.

Based on the FEA results, the dg-axis inductance mismatch under different operating
conditions is determined. Then, a lookup table is used to adjust the dg-axis inductance
parameters in real-time dynamically to address the issue of parameter mismatch. This lookup
table is designed to correct any discrepancies between the actual and expected parameters. By
using this method, the influence of parameter mismatch on the accuracy of position estimation

is effectively eliminated, ensuring more reliable and precise rotor position information.
4.4 Experiment Validation

In this section, the instability issues of the conventional pulsating signal injection-based
sensorless control method due to significant dc-link voltage fluctuation are firstly illustrated.
To solve these challenges, a novel position sensorless control method and magnetic polarity
detection method are proposed under severe dc-link voltage fluctuation scenarios. Then, a
lookup table is designed according to FEA, Finally, the performance of the proposed sensorless
control method with the designed lookup table and magnetic polarity detection method are
validated. The small dc-link capacitance used in this chapter is 20 uF, and it is worth
mentioning that the conventional large dc-link capacitance is 1600 uF. During the experiments,
magnetic cross-coupling issues are eliminated using the lookup table-based methods described

in [LI09] [RAC10] [CUP12].

4.4.1 Conventional HF Pulsating Signal Injection Method in Small DC-Link Capacitor-
Based PMSM Drive System

Fig. 4.6 shows the measured results of open-loop estimation of the conventional pulsating
signal injection-based sensorless control method described in section 4.2.1 in the small dc-link

capacitor-based IPMSM drive systems. In the case of open loop estimation, the system uses
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the actual rotor position obtained by the encoder and the rotor position is estimated by the
conventional sensorless method, where the amplitude of the injected d-axis voltage is 20 V
with a frequency of 500 Hz. It is observable that the conventional sensorless method can track
the rotor position effectively before 7s. However, as the g-axis current increased to 3 A after
7s, significant fluctuations appeared in the dc-link voltage, with peak-to-peak ripple reaching
approximately 130 V and minimum values around 35 V. These substantial dc-link voltage drops
lead to instability in the open-loop estimation, ultimately causing the conventional sensorless
control method to fail. The right colume show the measured results of the closed-loop control
performance of the conventional sensorless control method. In this scenario, the system utilizes
the estimated position obtained by the conventional sensorless method. Initially, the system
operates stably. However, as the load increases slowly, the severely dc-link voltage fluctuation
causes the conventional sensorless control method destabilized due to insufficient dc-link

voltage.
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300 16 300 16
[ —DC-link voltage —Q-axis current | | —DC-link voltage —Q-axis current |

150

-150

DC-link voltage (V)

2
Q-axis current (A)

DC-link voltage (V)
Q-axis current (A)

-300 T T r T -4

. 2 4. 6
Time (s) Time (s)

(@) dc-link voltage

600 900 600 9200
B | —Actual ---Estimated —Error | )
9 - g <
= 300 NNy ETN XN =, 300 b 600 —
= & &l
| o =
3] I 2
£ i sl . 2 3
b= 04 it 300 s _E 0 F 300 .
e =)
= £ 2 =
RUE o ™ 5300 | Lo =
b
S c
~ &
-600 T T T T 300 600 . . . . 300
0 2 4 . 6 8 10 0 b 4 X 6 10
Time (s) Time (s)

(@) ) Rotor position and estimation error
Fig. 4.6. Measured results of conventional pulsating signal injection-based sensorless method in

small dc-link capacitor-based IPMSM drive system with increasing load. (a) dc-link voltage. (b)

Rotor position and estimation error.

Fig. 4.7 shows the summary of conventional sensorless control under varies operation

conditions. The conventional sensorless control operates stably under light load conditions.
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However, when the g-axis current exceeds 2.5 A, the system becomes unstable. The red marked
points indicate the conditions under which the system tends to become a non-safe sensorless
operation area (non-SSOA). The green marked points indicate the conditions under SSOA. Fig.
4.6 and Fig. 4.7 demonstrate the limitations of conventional HFSI-based sensorless control in

the small dc-link capacitor-based PMSM drive systems.
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Fig. 4.7. Closed-loop control performance map of conventional pulsating signal injection-based
sensorless method in small dc-link capacitor-based IPMSM drive system.

4.4.2 Proposed Sensorless Control Method Utilizing Inherent DC-link Voltage

Fluctuation

Fig. 4.8 to Fig. 4.10 present the experimental results of the proposed sensorless control method
based on 200 Hz harmonics under various operating conditions (from Fig. 4.8 to Fig. 4.10: 50
r/min and g-axis current is 1 A, 50 r/min and g-axis current is 2 A, 100 r/min and g-axis current
is 2 A). It is revealed that at 50 r/min and g-axis current is 1 A, the dc-link voltage exhibits
minimal fluctuations and the system's harmonic content is low. This scenario poses challenges
for the proposed sensorless control method to accurately determine the rotor position. As the
g-axis current increased to 2 A, the system experienced a larger harmonic component. Under
these conditions, the system can accurately estimates the rotor position. When the motor speed
is increased to 100 r/min, the dc-link voltage peak-to-peak value and the dg-axis voltage peak-
to-peak values are increased slightly. Despite the presence of some harmonic components in

the system, the rotor position estimation remains accurate.
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Fig. 4.8. Measured results of proposed sensorless control method under 50 r/min with 1 Nm load. (a)
dc-link voltage. (b) dg-axis voltage. (c) Rotor position. (d) Speed and g-axis current.
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Fig. 4.10. Measured results of proposed sensorless control method under 100 r/min with 2 Nm load.
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Fig. 4.11 to Fig. 4.13 show the measured results of the proposed sensorless control method,
which are based on 100 Hz harmonics, under varying operating conditions (from Fig. 4.11 to
Fig. 4.13: 50 r/min and g-axis current is 1 A, 50 r/min and g-axis current is 2 A, 100 r/min and
g-axis current is 2 A). In Fig. 4.11, the dc-link voltage fluctuation is small, and harmonic
components are minimal. However, unlike the proposed sensorless control method with 200
Hz harmonics above, the proposed sensorless control method with 100 Hz harmonics can still
accurately estimate the rotor position and maintain good control performance under these
conditions. When the g-axis current increases to 2 A, the harmonic components in the system
become more pronounced, with the dc-link voltage peak-to-peak value reaching 110 V and the
dg-axis voltages peak-to-peak value are increased. The rotor position estimation remains
accurate, demonstrating excellent control performance. At 100 r/min and g-axis current is 2 A,
there is a slight increase in the dc-link voltage peak-to-peak value and a further increase in
peak-to-peak value of dg-axis voltages. The rotor position continues to be estimated accurately,
although some harmonic components are present in the system. The use of 100 Hz harmonics
results in more noticeable estimation performance, especially at lower speeds and loads, such

as 50 r/min and g-axis current of 1 A.
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Fig. 4.11. Measured results of proposed sensorless method with 100 Hz harmonics under 50 r/min

with 1 Nm load. (a) dc-link voltage. (b) dg-axis voltage. (c) Rotor position. (d) Speed and g-axis

current.
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Fig. 4.13. Measured results of proposed sensorless control method with 100 Hz harmonics under 100
r/min with 2 Nm load. (a) dc-link voltage. (b) dg-axis voltage. (c) Rotor position. (d) Speed and g-axis

current.

Fig. 4.14 shows the control performance of the conventional and proposed sensorless method
as the motor speed varies from 0 r/min to 100 r/min and the g-axis current is 0 A to 4 A. It can
be observed that when the g-axis current is below 1.5 A, the proposed control method does not
function effectively due to the relatively small current harmonics. However, the conventional
method performs well under these light load conditions. On the other hand, the proposed
control method can ensure a stable operation when the g-axis current exceeds 1.5 A up to the
rated load, effectively addressing the limitations of conventional HFSI-based sensorless control
methods under heavy load conditions. Fig. 4.14(b) combines results from Fig. 4.7 and Fig.
4.14(a), illustrating that the integration of the proposed with conventional sensorless method
can provide an optimal performance. Specifically, at light loads, the conventional method is
effective, while at heavy loads, the proposed method takes over. This combination ensures

nearly seamless sensorless control under all load conditions in the low-speed range.
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Fig. 4.14. Control performance map of the sensorless control method under different speed and load
conditions. (a) Proposed sensorless control method. (b) Combination of convention sensorless control

method with proposed sensorless control method using 200 Hz harmonics.

4.4.3. Proposed Magnetic Polarity Detection Utilizing Inherent DC-Link Voltage

Fluctuation

Fig. 4.15 compares the conventional secondary harmonics-based magnetic polarity detection
method based on extra HF signal injection and the proposed polarity detection method based
on dc-link voltage fluctuation when the estimated rotor position error is 0 and z rad. In the
experiment, the motor operates at 100 r/min and g-axis current is 2 A. Taken the estimation
time and voltage utilization into consideration, an HF voltage signal with an amplitude of 20
V and a frequency of 500 Hz is injected [SHU21] [ZHU11B]. Regardless of the motor polarity,
the proposed magnetic polarity detection method based on inherent dc-link voltage fluctuation

shows more distinguishable results because the value of idh,cos(z wnt) 1s larger compared to the

conventional method.
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Fig. 4.15. Comparison of secondary harmonics-based magnetic polarity detection method based on
conventional signal injection and the proposed novel method based on fluctuating dc-link voltage. (a)
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4.4.4 Dynamic Performance

Fig. 4.16 and Fig. 4.17 show the dynamic control performance of the proposed sensorless
control method based on 200 Hz. In Fig. 4.16, the motor speed is increased from 50 r/min to
100 r/min and g-axis current is 2 A. During this period, the peak-to-peak value of the dc-link
voltage ripple is increased from 100 V to 120 V. The proposed sensorless control method can
accurately track the actual position, despite the presence of some harmonics in the estimated
position error. In Fig. 4.17, the motor speed is maintained at 100 r/min while the g-axis current
increased from 1.5 A to 2.5 A. It can be observed that the estimated rotor position consistently
aligns with the actual rotor position. The results demonstrate that the proposed sensorless

control method performs well under dynamic conditions.
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Fig. 4.16. Measured results with speed increased from 50 r/min to 100 r/min when the proposed
sensorless control method using 200 Hz harmonics. (a) dc-link voltage. (b) Rotor position. (c) Speed

and g-axis current.
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Fig. 4.17. Measured results with and g-axis current increased from 1.5 A to 2.5 A when the proposed
sensorless control method using 200 Hz harmonics. (a) dc-link voltage. (b) Rotor position. (c) Speed

and g-axis current.
4.5 Conclusion

This chapter first identifies and investigates the instability issues of the conventional pulsating
signal injection-based sensorless control method in small dc-link capacitor-based IPMSM drive

systems under severe dc-link voltage fluctuation. Secondly, a novel position sensorless control
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method utilizing the inherent current harmonics caused by small dc-link capacitor is proposed.

Furthermore, a magnetic polarity detection method that utilizes the inherent current harmonics
is proposed. The proposed magnetic polarity detection method achieves more evident detection
results by using lower-frequency current harmonics and larger amplitude current harmonics

under heavy load conditions.

Finally, the experiment results illustrate the effectiveness of the proposed methods, especially

under heavy load conditions.
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CHAPTER 5

A NOVEL ROBUST POSITION SENSORLESS
CONTROL STRATEGY FOR IPMSM DRIVES WITH
SMALL DC-LINK CAPACITOR

Based on the proposed sensorless control method discussed in Chapter 4, the lookup table,
despite its usefulness, has certain limitations. One significant issue is the dependency on
precomputed data, which requires extra memory resources. Also, if the input data does not
precisely match the values stored in the lookup table, a parameter mismatch can be introduced
that compromises the accuracy of the rotor position estimation. In addition, the proposed
sensorless control method requires not only the dg-axis current signals but also the amplitudes
and phases of the dg-axis voltages. This dependency on multiple variables can limit the

precision of rotor position estimation and, consequently, the overall system performance.

To address these challenges, this chapter introduces an improved sensorless control method
that is immune to motor parameter mismatch. The proposed robust sensorless control method
requires only the g-axis current and the phase angle of the dg-axis voltages, particularly
reducing the sensitivity to multiple variables. This approach enhances the precision and
reliability of the sensorless control strategies, ensuring better performance and robustness
under various operating conditions. Finally, the proposed sensorless control method based on
100 Hz and 200 Hz harmonics is compared systemically. Experimental results demonstrate the
effectiveness and robustness of the proposed sensorless control, particularly under heavy load
conditions. The proposed methods provide robust solutions for sensorless control under severe

dc-link voltage fluctuation, ensuring reliable performance in varying operation conditions.
This chapter is based on the chapter submitted in:

J. Yan, Z. Q. Zhu, X. M. Wu, Y. Chen, H. Yang, L. H. Yang, and C. H. Liu, “A novel position
sensorless control strategy for IPMSM drives with small dc-link capacitor,” IEEE Trans. Power

Electron., Under review.
5.1 Introduction

In recent years, the development of small dc-link capacitor-based PMSM drive systems has
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garnered substantial attention due to their high efficiency, compact size, and lower cost
[ZHUO7] [JUN14] [SARO5] [WAN18A] [ZHA19A] [WAN20B] [ZHU23]. A crucial aspect of
PMSM drive systems is the accurate estimation of the rotor position, which is essential for
achieving precise control and optimal performance. Traditionally, position sensors such as
encoders or resolvers are used. However, these sensors add to the cost, size, and complexity of
the system, prompting the need for sensorless control methods [ZHU23] [WAN20A].
Sensorless control methods typically rely on the estimation of the rotor position using electrical
signals such as voltages and currents [LIU14] [ZHU23] [WAN20A]. One common approach
in the zero and low-speed range involves the use of HF voltage signal injection to extract the
rotor position information [JEOO05B] [JANO6] [LI09] [RAC10] [YOO11] [CUP12] [GONI13]
[XU16A] [XU16B] [WANI16] [YAN17] [WAN17A] [ZHA18B] [NAD24]. However, this
method has its limitations, particularly in systems with small dc-link capacitors where the dc-
link voltage is fluctuating. The insufficient dc-link voltage caused by voltage fluctuations can
restrain the effectiveness of HF signal injection. Moreover, the conventional HF voltage signal
injection methods tend to increase losses, torque ripples, and acoustic noise, which are

undesirable in high-performance drive systems [ZHU23] [WAN20A].

In Chapter 4, a sensorless control method utilizes the unavoidable current harmonics induced
by dc-link voltage fluctuation to obtain the rotor position, without the need for extra HF voltage
signal injection. While this method offers several advantages, it also depends heavily on
accurate motor parameters, particularly the dg-axis inductances. This dependency necessitates
the use of a lookup table, which, despite its utility, presents several drawbacks. The lookup
table approach requires extra memory resources to store precomputed data. Additionally, when
input data do not exactly match the stored values which potentially introduce errors that

compromise the accuracy of rotor position estimation.

To overcome these challenges, this chapter proposes an improved sensorless control strategy
that cancels the sensitivity to motor parameter mismatch. The proposed method only requires
the g-axis current and the phase angle of the dg-axis voltages, thereby reducing the reliance on
precise variations. This robust approach enhances the precision and reliability of the proposed
sensorless control method, ensuring better performance across various operating conditions.
Finally, the comparison study of the proposed methods using different harmonics (100 Hz

harmonic and 200 Hz harmonics) is investigated in this Chapter.
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5.2 Proposed Sensorless Control Method Utilizing Inherent DC-Link

Voltage Fluctuation

5.2.1 Proposed Sensorless Control Method Utilizing Inherent DC-Link Voltage

Fluctuation

Due to the demodulation method described in Chapter 4 requires accurate motor parameters.
Therefore, a novel demodulation method which is immune to the motor parameters is described

in this chapter. The estimated position error could be derived by the dg-axis current harmonics

~

1% 100k _ lan,100k2 SIN(W100-kt + P g0k
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i )
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~

where 13, 100k> Lan,100-%> Lh,100-k> 30d Lap 100 are the demodulated dg-axis currents by phase

angle of dg-axis voltages, 644 is the cosine of the phase difference between dg-axis voltages.

Both fluctuating dg-axis current can be demodulated to obtain signals containing rotor position
information. However, in the FOC with i/=0 method, the g-axis current harmonic components
are typically larger than those in the d-axis. Therefore, only the g-axis current is used to
estimate the rotor position. It is worth mentioning that the term 6,4, represents the cosine of the
phase angle difference between the d-axis and the g-axis voltages. Normally, the phase angle

difference of dg-axis voltages is not 0 or 180 degrees. Therefore, (1 — Sﬁq) cannot be zero.

From (5.5), the proposed sensorless control method only requires the g-axis current and the
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phase angle of the dg-axis voltages. Fig. 5.1 shows the block diagram of the proposed
sensorless control method. The 100 - k Hz g-axis current harmonic is obtained using a BPF.
Then, processed by (5.3) and (5.5). The signal with the rotor position information is obtained.

When the signal approaches 0 by the position observer, the actual rotor position is obtained.
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Fig. 5.1. Block diagram of proposed sensorless control method.

5.2.2 Current Harmonic Selection for Position Estimation

As shown in the Chapter 4, the measured results for the small dc-link capacitor-based IPMSM
drive systems are shown in Fig. 5.2. The dc-link capacitance is set at 20 uF, the motor speed
is maintained at 100 r/min, and the g-axis current is 2 A. As described before, in the small dc-
link capacitor-based IPMSM drive systems, the AC source voltage is rectified by an
uncontrolled single-phase rectifier, resulting in the notable 100 Hz harmonic components into
the dc-link voltage. Additionally, due to the discharge characteristics of the dc-link capacitor,
200 Hz harmonics can also be observed. As shown in Fig. 5.2, the small dc-link capacitor
mainly introduces notable 100 Hz and 200 Hz harmonics into the IPMSM drive systems. Both
harmonics can be effectively utilized for rotor position estimation and magnetic polarity
detection. However, utilizing 100 Hz and 200 Hz harmonics for rotor position estimation and
magnetic polarity detection presents distinct advantages and disadvantages. The 100 Hz
harmonic always has a larger amplitude and shows a potential versatility across a wider range
of operating conditions. Additionally, the 100 Hz harmonic is particularly well-suited for
magnetic polarity detection due to its higher amplitude and lower frequency [JEOO5B] [LI09].
However, the implementation of the proposed sensorless control method based on the 100 Hz
harmonic results in a reduction of the LPF bandwidth in the demodulation process,
consequently affecting the dynamic performance of the system [WANI17B] [NIMI14].
Conversely, using 200 Hz harmonic may be more suitable. Nonetheless, the 200 Hz harmonic

exhibits a smaller amplitude, thereby restricting its applicability.
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Fig. 5.2. Measured results of small dc-link capacitor-based IPMSM drive system. (a) dc-link voltage

and g-axis current. (b) Spectrum of dc-link voltage. (c) Spectrum of g-axis current.
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5.3 Experiment Validation

In this section, the performance of the proposed robust sensorless control methods based on
100 Hz and 200 Hz are validated. Then, the proposed methods based on 100 Hz and 200 Hz

current harmonics are systematically compared.

5.3.1 Proposed Sensorless Control Method Utilizing Inherent DC-link Voltage

Fluctuation

Fig. 5.3 to Fig. 5.5 present the waveform of the proposed sensorless control method based on
200 Hz harmonics under various operating conditions (from Fig. 5.3 to Fig. 5.5: 50 r/min and
g-axis current is 1 A, 50 r/min and g-axis current is 2 A, 100 r/min and g-axis current is 2 A).
It can be observed that when the system operates at 50 r/min and g-axis current is 1 A, the dc-
link voltage fluctuations are small, and the harmonic components in the system are minimal.
In this scenario, it is difficult to accurately estimate the rotor position with the proposed
sensorless control method, resulting in poor control performance. When the g-axis current
increased to 2 A, the harmonic components in the system become more significant, with the
dc-link voltage peak-to-peak value reaching 110V, and the dg-axis voltage peak-to-peak values
also increasing. Under these conditions, the rotor position can be accurately estimated, resulting
in good control performance. When the motor speed is increased to 100 r/min, the dc-link
voltage peak-to-peak value is slightly increased, and the dg-axis voltage peak-to-peak values
are further increased. The rotor position can still be accurately estimated, although the system

will have a certain number of harmonic components.
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Fig. 5.6 to Fig. 5.8 present the experimental results of the proposed sensorless control method
based on 100 Hz harmonics under various operating conditions (from Fig. 5.6 to Fig. 5.8: 50
r/min and g-axis current is 1 A, 50 r/min and g-axis current is 2 A, 100 r/min and g-axis current
is 2 A). At 50 r/min and g-axis current is 1 A, the dc-link voltage exhibits minimal fluctuations,
and the system harmonics are low. However, the proposed sensorless control method can still
operate stably. As the g-axis current is increased to 2 A, the harmonic components in the system
become more notable. Under these conditions, the rotor position is accurately estimated. When
the motor speed is increased to 100 r/min and g-axis current is 2 A, the dc-link voltage peak-
to-peak value and the dg-axis voltage peak-to-peak values increase slightly. Despite the
presence of some harmonic components, rotor position estimation remains accurate. Fig. 5.9
shows that the motor speed is changed from 0 r/min to 100 r/min and the g-axis current changes
from 0 Ato 4 A. The proposed method ensures stable operation when the g-axis current exceeds
1 A. While the proposed method struggles with g-axis current below 1 A due to small current
harmonics, conventional methods perform well under these light loads. The proposed method
based on 100 Hz harmonics, together with the conventional HFSI-based sensorless control

methods ensures stable operation under any load conditions.
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Fig. 5.6. Measured results of proposed sensorless control method with 100 Hz harmonics under 50
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current.
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current.
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Fig. 5.9. Close-loop control performance of proposed sensorless control method with 100 Hz
harmonics in small dc-link capacitor-based IPMSM drive system under different speed and load

conditions.

Fig. 5.10 and Fig. 5.11 illustrate the dynamic control performance of the proposed sensorless
control method based on 100 Hz harmonic. In Fig. 5.10, the motor speed is increased from 50
r/min to 100 r/min with a g-axis current of 1.5 A. During this period, the peak-to-peak value of

the dc-link voltage rises from 80 V to 100 V. Despite the presence of some harmonics in the
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estimated position error, the proposed sensorless control method accurately tracks the actual
rotor position. In Fig. 5.11, the motor speed is kept constant at 100 r/min while the g-axis
current increases from 1 A to 2.5 A. The estimated rotor position consistently aligns with the
actual rotor position. These results demonstrate that the proposed sensorless control method

maintains high performance under dynamic conditions.

—DC-link voltage

DC-link voltage (V)

Time (s)

(a) dc-link voltage

600 200
- | —Act_pos ---Est_pos —Error |
Y
< 300 - _
g g
£ o0 %
I W T
5 ¢ <
< -300 -
=4
-600 ' ' -100
0 6
Time (s)
(b) Rotor position
200 15
| —Speed  —Q-axis current |
<
z 10z
= 100 - g
™ ]k
E F5 =
= w
g 9 2
£ o st | Mo mnenad  §
o4
-100 T T -5
0 6
Time (s)

(c) Speed and g-axis current

Fig. 5.10. Measured results with speed increased from 50 r/min to 100 r/min when the proposed
sensorless control method using 100 Hz harmonics. (a) dc-link voltage. (b) Rotor position. (c) Speed

and g-axis current.
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5.3.2 Comparison of Proposed Sensorless Control Method with 100 Hz and 200 Hz

Harmonic

Fig. 5.12 shows the measured results of the proposed sensorless control method with different
harmonics under different operation conditions. In Fig. 5.12(a), the proposed sensorless control

method based on 100 Hz harmonic ensures stable operation when the g-axis current exceeds 1
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A, which can eliminate the limitations of conventional HFSI-based sensorless control methods
under heavy load conditions. While the proposed sensorless method based on 200 Hz
harmonics can only operate normally when the g-axis current exceeds 1.5 A. Fig. 5.12(b)
combines the measured results of the proposed sensorless control method with different
harmonics. It can be demonstrated that the proposed sensorless control method based on 100
Hz harmonic has a larger SSOA compared to the proposed method based on 200 Hz harmonic,

making it more effective for a broader range of operating conditions.
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Fig. 5.12. Control performance of the proposed sensorless control method with different harmonics
under different speed and load conditions. (a) With 100 Hz harmonics. (b) Combination of proposed

sensorless control method based on 100 Hz and 200 Hz harmonics.

Fig. 5.13 shows the comparison of the magnetic polarity detection of the proposed detection
method based on 100 Hz harmonics and 200 Hz harmonics when the estimated rotor position
error is 0 rad and =. It is revealed that the proposed sensorless control method based on 100 Hz

harmonics shows more distinguishable polarity detection results compared to the method based
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on 200 Hz harmonics, due to the lower 100 Hz harmonic frequency having a larger amplitude.

0.5
| —100Hz —200Hz |
~ 0.25 -
<
R . B .
=
= -0.25 -
'0-5 T T T T
1 1.2 14 1.6 1.8 2
Time (s)
(@) )A6,=0
0.5
|  —100Hz —200Hz
~ 0.25 -
<
g 0
=
=.0.25 -
'0.5 T T T T
1 1.2 1.4 1.6 1.8 2
Time (s)
(b) A8,=n

Fig. 5.13. Comparison of the proposed polarity detection method based on 100 Hz and 200 Hz
harmonics. (a) A6,= 0. (b) A8,=T.

According to [WAN17B] [NIM14], lower frequency signal injection strategies exhibit poorer
dynamic characteristics due to the low bandwidth of LPF in the demodulation process. The
experimental results confirm that the proposed sensorless control method based on 100 Hz

harmonics has a slower dynamic response compared to the method based on 200 Hz harmonics.

Fig. 5.14 shows the comparison of the dynamic control performance of the proposed sensorless
control method based on 100 Hz harmonics and based on 200 Hz harmonics. In this experiment,
the motor speed increased from 100 r/min to 150 r/min. The proposed sensorless control
method based on 100 Hz harmonics requires 3.2 seconds to achieve this speed change, while

the method based on 200 Hz harmonics takes 2.4 seconds.
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Fig. 5.14. Comparison of dynamic control performance of proposed sensorless control
method based on 100 Hz and 200 Hz harmonics. (a) dc-link voltage. (b) g-axis current and

speed. (a) Rotor position.

Table I compares the proposed methods based on 100 Hz and 200 Hz harmonics, respectively.
The 100 Hz harmonic has a higher amplitude and wider applicability compared to the 200 Hz
harmonic, which has medium amplitude and applicability. The 100 Hz harmonic method can
be used when g-axis current greater than 1 A, while the 200 Hz harmonic method requires a g-
axis current greater than 2 A. The bandwidth of the LPF in the demodulation process is lower
for 100 Hz harmonic and medium for 200 Hz harmonic. Static performance is better for the
100 Hz harmonic, while dynamic performance is better for the 200 Hz harmonic. However,
regardless of whether 100 Hz or 200 Hz harmonic is used, both can provide robust solutions
for position sensorless control and magnetic polarity detection under significant de-link voltage

fluctuation.
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TABLES.1

COMPARISON OF PROPOSED SENSORLESS CONTROL METHOD BASED ON 100 Hz AND 200 Hz

HARMONICS
Attribute 100 Hz Harmonic 200 Hz Harmonic
Amplitude High Medium
Applicability Wide Medium
Lowest g-axis current required 1A 2A
Bandwidth of LPF Low Medium
Static performance Good Medium
Dynamic performance Medium Good
SNR High Medium
Polarity detection Good Medium

5.4 Conclusion

This chapter proposed a robust sensorless control method utilizing the inherent current
harmonics caused by small dc-link capacitor which is immune to the motor parameter
mismatch. Then a comparison study of using different harmonics reveals that the 100 Hz
harmonic-based methods have a broader applicability and better static performance, and the
200 Hz harmonic-based methods have a better dynamic performance which provide a valuable

insight for optimizing sensorless control strategies.

Finally, the experiment results illustrate the effectiveness and robustness of the proposed
methods, particularly under heavy load conditions. The utilization of inherent dc-link voltage
fluctuation for rotor position estimation and magnetic polarity detection, combined with the
conventional HFSI-based sensorless control method, achieves a reliable and accurate
sensorless operation in zero and low-speed ranges for small dc-link capacitor-based IPMSM

drive systems under full operation conditions.
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CHAPTER 6

ANALYSIS AND MITIGATION STRATEGIES OF
ENERGY BACKFLOW IN IPMSM DRIVE SYSTEM
WITH SMALL DC-LINK CAPACITOR

This chapter first identifies and investigates the unavoidable energy backflow phenomenon in
small dc-link capacitor-based PMSM drive systems. This phenomenon arises when the
amplitude of the back-EMF exceeds the minimum value of the fluctuating dc-link voltage due
to severe voltage fluctuations. To address this issue, the FW control method can effectively
reduce the back-EMF by adjusting the d-axis current, thereby mitigating the energy backflow
phenomenon. However, the dc-link voltage fluctuation can introduce several challenges to the
conventional FB-FW control method. For instance, the dg-axis voltages also fluctuate due to
dc-link voltage fluctuation, which can degrade the performance of the FW control method.
Specifically, a dc offset is identified in the calculated d-axis reference current due to the dc-
link voltage and dg-axis voltages fluctuation. Then, an analysis of the small-signal model of
FB-FW control reveals that severe fluctuations in the g-axis voltage, particularly when it
becomes negative, can cause the system to enter a positive feedback mode, leading to inherent
instability. Moreover, the commonly used PI controller in conventional FB-FW control cannot
adequately control the ac component introduced by these fluctuations, further degrading system
performance. Therefore, this chapter proposes a novel FW control method based on a quasi-
PIR controller and dc offset compensation to obtain the optimal amplitude of the d-axis
reference current. Furthermore, an optimal phase angle selection method for the d-axis
reference current, based on the least mean square algorithm and gradient descent algorithm, is

introduced to suppress current ripple caused by the fluctuating dc-link voltage.
This chapter is based on the paper submitted in:

J. Yan, Z. Q. Zhu, X. M. Wu, H. Yang, L. H. Yang, and C. H. Liu, “Analysis and mitigation
strategies of energy backflow phenomenon in IPMSM drive system with the small dc-link

capacitor,” submitted to IEEE Trans. Energy Convers., submitted and under review.
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6.1 Introduction

PMSMs are extensively used in various industrial and automotive applications due to their high
torque density, high efficiency, and robust performance [JAH99] [ZHUO7]. The small dc-link
capacitor-based PMSM drive systems have garnered significant attention for their cost-
effectiveness, compactness, and extended lifespan [TAKO1] [JUN14] [WAN20B]. Furthermore,
the dc-link voltage fluctuation caused by a small dc-link capacitor can increase the conduction
angle of the diodes in an uncontrolled rectifier bridge, thereby providing conditions for
improving the grid side PF [SON17] [ZHA18A]. Therefore, the small dc-link capacitor-based
PMSM drive systems are widely used in household appliances or areas with low control
accuracy requirements [ZHO16]. However, small dc-link capacitors can inevitably lead to dc-
link voltage fluctuation, particularly under high-speed or heavy load conditions. The dc-link
voltage fluctuation could introduce harmonic disturbances, which deteriorate the stability,
efficiency, and control performance of a PMSM drive system. To better understand and solve
these issues caused by small dc-link capacitors, three scenarios for small dc-link capacitor-
based PMSM drive systems are categorized in this chapter based on different operation

conditions, 1.e.

e No disturbance.
e Considerable harmonics in the system, such as in dc-link voltage, dc-link current, dg-axis
voltages and currents, and torque.

e Energy backflow phenomenon.

The machine usually operates at low speed and light load in the first scenario. The dc-link
voltage fluctuation is small, and the harmonics caused by fluctuating dc-link voltage are
negligible. Thus, there is no need for optimization or intervention for the system. In the second
scenario, the dc-link voltage fluctuation becomes more serious with speed and/or load increases.
This results in nonnegligible harmonics in dc-link voltage and current, dg-axis voltages,
currents, and torque. Therefore, it is necessary to optimize the control strategy and mitigate the
effects of these harmonics. The predominant emphasis in existing research is the second
scenario. Numerous effective control strategies have been proposed to mitigate the influence
of small dc-link capacitors, leading to significant improvements in system stability, efficiency,
and overall control performance. For instance, to achieve higher voltage utilization, a robust
dc-link voltage control method is developed to eliminate the double-frequency voltage

harmonics in the single-phase grid-connected dc/ac converters in [TAG19]. In [WAN20C], a
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voltage boundary optimization-based overmodulation method for electrolytic capacitorless
PMSM drives is proposed to optimize the overmodulation region and improve dc-link voltage
utilization. In [GAQO23], a voltage vector angle regulation strategy is proposed to expand the

linear modulation region to improve the dc-link voltage utilization and transition performance.

For the poor grid quality caused by LC resonance, the active damping-based mitigation
methods are implemented to overcome the instability problem and grid current harmonics due
to LC resonance and constant power load effects [MAH13] [LEE14] [MAT17] [WAN18A]
[ZHA19C] [HUO22A] [LI22B] [L1U23] [REN24]. A grid current control method is developed
to improve the grid current quality by eliminating the sixth harmonics in the rectifier current in
[L122C]. In [TAG19], a grid current harmonics suppression method is proposed based on

rectifier current regulation combined with dc-link voltage decoupling method.

For the FW control strategies optimization, in [JUN14], a new concept of "average voltage
constraint”, combined with FW control, is proposed to mitigate the dc-link voltage fluctuation
issues caused by small dc-link capacitor. In [DIN19], an enhanced FW control method is
presented, by which the minimized torque ripple and the enhanced dc-link voltage utilization
can be achieved by switching between the minimum dc-link voltage control mode and the
extended dc-link voltage control mode. The small-signal model of FB-FW control is
implemented in [HUO22B]. It is found that significant fluctuations in the g-axis voltage caused
by the small dc-link capacitor, especially when it turns negative, can push the system into a
positive feedback mode, resulting in inherent instability. Therefore, a g-axis voltage control
strategy is proposed to avoid the positive feedback mode. In [JIN24A], an FW control strategy
based on active damping with a voltage angle adjustment method is implemented to reduce the
current harmonics caused by voltage angle disturbance. However, in PMSM drive systems with
small dc-link capacitors, both the dc-link voltage and dg-axis voltages are prone to fluctuations.
Conventional PI controllers of voltage loops in FB-FW control struggle to effectively manage
ac harmonics. Moreover, the presence of ac components in the voltage signals can create
inherent calculation errors in the d-axis reference current. This issue has not been adequately

addressed in the previous studies.

In the third scenario, the dc-link voltage fluctuation becomes more serious, and the back-EMF
also increases. The amplitude of back-EMF would inevitably exceed the fluctuating dc-link
voltage during one fluctuation cycle. In this case, the PMSMs would act as a generator charging

the dc-link. The energy backflow phenomenon occurs, especially when the machine with small
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inductance and high-speed operation. The energy backflow could not only deteriorate the
system's stability and efficiency but also can even damage power devices. Therefore, this
phenomenon should be prohibited. In [JAH99], the UCG operation of IPMSM following a
high-speed inverter shutdown is investigated. The study reveals that IPM machines with high
inductance saliency ratios are particularly vulnerable to UCG, which can lead to significant
phase currents and braking torque. In [LEEQ09], a protection scheme for electrolytic
capacitorless AC drives to prevent the overvoltage breakdown of semiconductor switches
during grid interruptions is proposed. The strategy transfers energy from the g-axis to the d-
axis inductance, maintaining the dc-link voltage within safe limits. In [GONZ20B], an enhanced
model for mitigating uncontrolled generation (UCG) in IPMSM-based electric vehicles during
emergencies is presented. By increasing the d-axis inductance through changing the rotor
structure, the proposed method effectively reduces UCG feedback current, ensuring safer
operation. However, existing literature primarily addresses the phenomenon of energy
feedback occurring during motor braking or inverter shutdown, assuming the motor is no
longer operating normally. In contrast, in small dc-link capacitor-based PMSM drive systems,
energy feedback can still occur during normal motor operation, a scenario which has hardly

been analyzed and/or mitigated.

Therefore, this chapter first identifies and comprehensively analyzes the energy backflow issue
in the small dc-link capacitor-based IPMSM drive system. The mechanisms and possible
conditions for energy backflow are then discussed in detail. The principle of energy backflow
under different speed or load conditions is investigated. Furthermore, the conventional FW
control method has been investigated and found to have some drawbacks due to dc-link voltage
fluctuation. Therefore, a quasi-PIR-based FW control method with dc offset compensation
method is proposed to eliminate the energy backflow phenomenon. In addition, an optimal
phase angle selection strategy is proposed to further reduce the harmonics and improve the
control performance of the system. The analysis of the energy backflow phenomenon and the

effectiveness of the proposed mitigation methods are validated by experiments.
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6.2 Analysis of Energy Backflow in Small DC-Link Capacitor-Based PMSM

Drive Systems
6.2.1 DC-link voltage fluctuation issues in small dc-link capacitor-based PMSM drive
systems

The small dc-link capacitor-based PMSM drive system is composed of a single-phase

uncontrolled rectifier, a small dc-link capacitor, and an inverter as shown in Fig. 6.1.

Single-phase uncontrolled rectifier
""""""" ldc

i - >
Ji 1 Sil SZJ SJI(}
EZF K} K} kG

Small dc-link capacitor

Fig. 6.1. Block diagram of PMSM drive system.

Due to single-phase uncontrolled rectifier and small dc-link capacitor, the dc-link voltage can

be expressed as

n
Uge = Ugey + Z Uge e SIN( 2kwgt + ) (6.1)
k=1

Where ugg o, Ugc i » Wg,and g are the average value, the kth order harmonic, the phase angle,

and the kth order harmonic of fluctuating dc-link voltage.

6.2.2 Principle of Energy Backflow iin Small DC-Link Capacitor-Based PMSM Drive
Systems

In the conventional PMSM drive system, a classic three-phase inverter is used to drive the
PMSMs as shown in Fig. 6.2(a). Due to the small dc-link capacitor, the dc-link voltage
fluctuation could cause the dc-link voltage less than the amplitude of back-EMF, especially
when the speed is high and the dc-link voltage fluctuation is severe. During each dc-link voltage
fluctuation cycle, when the amplitude of back-EMF is higher than the dc-link voltage, the
current could flow back to the dc-link through the freewheel diodes in the inverter. The machine

acts as a generator to charge the dc-link capacitor as shown in Fig. 6.2(b). In this case, the
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three-phase inverter can be regarded as a three-phase uncontrolled rectifier, and this situation
is called energy backflow. The equivalent energy backflow mode is shown in Fig. 6.2(c). Fig.
6.3 shows the corresponding dg-axis equivalent circuits for the IPMSM work as the generator.

(&) Motor mode

< ]

Y 5 S, Ss .o on
Nuk J%J I S -
uclj— >

(c) Equivalent energy backflow mode

Fig. 6.2. Different operating modes. (a) Motor mode. (b) Generator mode. (c) Equivalent energy

backflow mode.

R weLgig x welglg + wepg
ig o iy s
-
+ +
Uq Lq } Uy L, i
o o

Fig. 6.3. Equivalent circuits of the PMSMs act as the generator.
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6.2.3 Mathematical Mode of Energy Backflow

In this chapter, an IPMSM is used to investigate the energy backflow. The machine voltages in
the dg-axis synchronous frame are expressed by

. dig :
Ug = Rgig + Ly ar weLglg
% (6.2)

Ug = Rsig + L, It

+ weLlglg + Wey

where R, w,, Lq, Ly, and ¢, are the stator resistance, the motor electrical speed, the dg-axis

inductances, and the flux linkage of PM, respectively.

In the energy backflow process, the PMSM:s act as a generator and charge the dc-link capacitor
through the three-phase uncontrolled rectifier as shown in Fig. 6.2(c). The back-EMF of the

machine can be represented as follows:

Eq = ugyr Sin(wet + (pcon)

21
Ep = ugyr sin(wet + @con + ?)
(6.3)
) 21
E. = ugyr Sln(a)et + Pcon — ?)
. \2 . \2
usmr = W | (95 + Laia)” + (Lgiq) (6.4)

where E,, Ep,, E.are the three-phase back-EMFs. ¢, IS the conduction angle. ugyr is the
amplitude of the back-EMF.

According to the amplitudes of dc-link voltage and back-EMF, the dynamic model of the phase

uncontrolled rectifier as shown in Fig. 6.2 (c) can be expressed as

{uout = UgmF — Udc if Ugyr > Uge
Uout = Udc — UEMF, if ugyr < Ug (6.5)

where u,,:, Ugmr, and v, are the rectifier voltage, the voltages generated by the machine and

the dc-link voltage.

6.2.4 Three Scenarios with Fluctuating DC-Link Voltage

In the small dc-link capacitor-based IPMSM drive system, the dc-link voltage is always
fluctuating. The peak-to-peak value of the fluctuating dc-link voltage and the amplitude of the

back-EMF depend on the machine speed and load conditions. Under low speed and light-load
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conditions, both the dc-link voltage fluctuation and the back-EMF are small. Consequently, the
back-EMF may not exceed the minimum value of dc-link voltage, and the energy backflow
does not occur. However, the dc-link voltage fluctuation and the back-EMF become larger with
increasing speed and/or load. The back-EMF could exceed the dc-link voltage. Based on the
relationship between the dc-link voltage and the amplitude of back-EMF, three scenarios can
be classified: the back-EMF is smaller than the minimum value of dc-link voltage, the back-
EMF is equal to the minimum value of dc-link voltage, and the back-EMF is greater than the

minimum value of dc-link voltage. Therefore, three operation scenarios which can be expressed

by

UpmF — Udce,min < O' Linv,min >0
UpmF — Udemin = 0, linv,min = 0 (6.6)
UgmF — Ude,min >0, linv,min <0

where uge min aNd iy min are the minimum value of the dc-link voltage and the inverter

current in each fluctuation cycle.

When the amplitude of back-EMF is smaller than the minimum value of fluctuating dc-link
voltage, there is no energy backflow. In this scenario, the harmonics in the system remain
relatively small. The control performance and the system stability may not be influenced.
Secondly, when the amplitude of back-EMF equals the minimum dc-link voltage. Although
there is no energy backflow, the harmonics in the dc-link current and dg-axis currents increase,
with their minimum values reaching zero. The control performance and the system stability
could be influenced, and appropriate control strategies are needed to maintain stable operation.
Finally, when the back-EMF exceeds the minimum value of the fluctuating dc-link voltage in
one dc-link voltage fluctuation cycle. The machine operates as a generator, resulting in a
negative dc-link current. This negative current signifies that the energy is being transferred
from the machine back into the dc-link through the three-phase uncontrolled rectifier. This
phenomenon is the characteristic of energy backflow, resulting in the small dc-link capacitor
storing the excess energy. However, the energy backflow is generally considered a fault
condition and should be prohibited in PMSM drives. Furthermore, the energy backflow may
lead to instability in the dc-link voltage, resulting in severe fluctuations in the system as shown
in Fig. 6.4. The serious dc-link fluctuation and energy backflow in the system is a concern, as
it can reduce the system’s efficiency and lead to potential operational hazards. To maintain the
system stability and achieve better control performance, an effective mitigation method based

on FW control is proposed in the next section.
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Fig. 6.4. Measured results of energy backflow in small dc-link capacitor-based IPMSM drive
system. (a) dc-link voltage, back-EMF, and dc-link current. (b) Speed and torque. (c) Inverter

power.

6.2.5 Energy Backflow Accounting for Different Speed and Load Conditions

In the small dc-link capacitor-based PMSM drive system, the speed changes primarily cause
back-EMF variation. Load changes mainly lead to noticeable fluctuations in dc-link voltage.
This section aims to provide a comprehensive understanding of this phenomenon and analyze
the effect of speed and load changes on energy backflow. The minimum value of the inverter
power is used to represent whether the machine exhibits the energy backflow phenomenon. If
the minimum inverter power is negative, it represents the machine entering energy backflow

mode in the dc-link voltage fluctuation cycle.

The increased speed can increase the amplitude of back-EMF and slightly aggravate the dc-

link voltage fluctuation. Thus, the increase in the speed might be more likely to make the
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PMSMs work in generation mode.

back — EMF 1

= )
we 1 U, fluctaution T

= Chance of energy backflow T 6.7)

With the speed increasing from 0 to rated value, the inverter power would increase first with
the increase of the speed according to the principle of power balance if ignoring machine losses.
When the speed is large enough and the back-EMF is greater than the fluctuating dc-link
voltage in a certain period, the energy backflow occurs, and the minimum value of inverter

power reduces and could be negative as shown in Fig. 6.5(a).

When the load increases from zero, the dc-link voltage fluctuation becomes larger, but the
minimum value of the dc-link voltage at first is enough to keep the system stable. Thus, the
minimum value of inverter power increases as the load increases. When the load continues to
increase, the dc-link voltage fluctuation becomes severe, and the back-EMF may exceed the
minimum value of the dc-link voltage, and the energy backflow phenomenon occurs. The
minimum value of the inverter power decreases. As the load continues to increase, the average
value of the inverter power increases, and the stator current increases as well. Even if the back-
EMF is greater than the dc-link voltage, the inverter power would not be negative easily due to

the large stator current and the existence of inductance as shown in Fig. 6.5(b).

U, fluctaution T

Tload Tﬁ idc 0

= Chance of energy backflow T/l 6.8)
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(b) With increasing load and 700 r/min

Fig. 6.5. Energy backflow with increasing speed and load conditions. (a) With increasing speed and 1
Nm load. (b) With increasing load and 700 r/min.

Fig. 6.6 shows the measured results of the influence of different speed and load on the energy
backflow phenomenon. As the speed increases, the minimum value of the inverter power
increases first. When the speed reaches a certain value, the back-EMF exceeds the dc-link
voltage, and the minimum value of the inverter power decreases, eventually becoming negative.
As the load increases, the minimum value of the inverter power increases first. When the load
continues to increase, the dc-link voltage fluctuation becomes larger, and the minimum value
of the inverter power decreases. As the load continues to increase, the minimum value of the

inverter power increases even if the back-EMF is greater than the dc-link voltage.
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Fig. 6.6. Measured results of energy backflow with increasing speed and load. (a) With increasing

speed. (b) With increasing load.

Fig. 6.7 shows the measured results of energy backflow under various operating conditions. As
shown in Fig. 6.7, the energy backflow is predominantly observed at speeds ranging from 800
r/min to 1000 r/min, particularly when the load is between 0.5 Nm and 1.5 Nm. The right side
is the zoomed version of the speed ranging from 800 r/min to 1000 r/min and load from 0.5
Nm to 1.5 Nm. As can be seen, the energy backflow is most serious when the speed is 1000
r/min, and the load is 1 Nm. In this case, the minimum value of the inverter power is -200 W,
and the minimum value of the dc-link current is -2 A. The energy backflow could damage the
power devices and deteriorate the control performance of the system. Thus, a mitigation
method for the energy backflow is critical to improve the system stability and efficiency and
prevent potential damage to power electronic components due to undesirable energy backflow

caused by the small dc-link capacitors.
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Fig. 6.7. Energy backflow accounting for different speed and load conditions. (a) Minimum value

of dc-link current. (b) Minimum value of inverter power.

6.3 Energy Backflow Mitigation Method

6.3.1 Limitation of Conventional FW Control Scenarios with Fluctuating DC-Link
Voltage

The FW control method can extend the speed range and maintain the performance of PMSM
under low dc-link voltage conditions by reducing the magnetic flux. Therefore, the FW control
method can effectively mitigate the challenges posed by fluctuating dc-link voltage without
introducing additional current and torque harmonics. The block diagram of the conventional

FB-FW control method is shown in Fig. 6.8. The voltage constraints ellipse can be expressed

Ug
o= o 28 < = o

If the motor speed is high enough and the stator resistance voltage drop is small enough, then

as

the voltage drop by the stator resistance can be neglected. Hence, (6.9) can be approximated as

2
. . umax
(Ldld + (pf)z + (quq)z < wg (610)
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Fig. 6.8. Block diagram of the FB-FW control.

However, FW control poses certain challenges in the presence of fluctuating dc-link voltage.
Specifically, these voltage fluctuations induce corresponding fluctuations in the dg-axis
voltages, which can degrade the control performance in the FB-FW control method. Moreover,
an analysis of the small-signal model of FB-FW control in [HUO22B] reveals that severe
fluctuations in the g-axis voltage, particularly when it becomes negative, can cause the system
to enter a positive feedback mode, leading to inherent instability. In addition, the PI controller
commonly used in conventional FB-FW control methods is unable to adequately compensate
for the AC component introduced by fluctuating dc-link voltage. These challenges underline
the complexity and potential instability in the application of FW control in small dc-link

capacitor-based PMSM drive systems.
® Saturation issues due to integral operation
As shown in Fig. 6.8, the FB-FW control method can be expressed as

u; = /uﬁ + uZ

. K . (6.11)
lg = — (umax - us)

Ignoring the higher-order harmonics (2™ order and above) of fluctuating dc-link voltage and
dg-axis voltages, the dc-link voltage and dg-axis voltages can be expressed by [HUA17]
[YAN22A]

Uge = Uge,o T Uge,1 SIN( kagt + gog) 6.12)
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Ug = Ugp + Uqg s SIN(2kwgt + @g4)
Ug = Ugo + Ugq SIN(2kagt + (p}j’l) (6.13)

Combining (6.11), (6.12) and (6.13), the d-axis reference current can be expressed as

i
K; (udc,o + Ugeq SIN( 2kwgt + @g)

s V3

_ \/[ud,o + uq, sin( 2kwgyt + <pg,1)]2 + [uq,o + ug 1 sin( 2kwyt + (p}fll)]z)

(6.14)

K; [ Waco + Uacq Sin(Zkwgt + @g)

s V3

B (udo +ulo) + 2[ugotas Sin(2kwyt + @4 1) + UgoUqs sin( 2kwgt + @ )]
+uj, sin?(2kwgt + @y 1) + ug 5 sin?( 2kwgt + @i ;)

In conventional PMSM drive systems where the dc-link voltage and dg-axis voltages have no

AC harmonics, the d-axis reference current is obtained by

cx Ki Uge,o 2 2 )
= —L(=de0 _ / +
e = ( J3 o T Hao (6.15)

However, with the fluctuating dc-link voltage, the dg-axis voltages also fluctuate. The d-axis

reference current is shown as (6.15), it is shown that there is a dc offset in the d-axis reference
current due to the squared sinusoidal terms u ; sin®( 2kwgt + @} ,) and u2 ; sin®( 2kwyt +

®q1), which can be expressed as

\/ufm sin?(2kwgt + @y 1) +ul ; sin?( 2kwgt + g ;)

(6.16)

, (1—cos 2(2kwyt + @k 1) , 1—cos 2(2Zkwgt + ¢g4)
= u’d,l 2 + uq.l( 2 )

These squared terms ug ; sin?( 2kwgt + @g,) and ufm sin®(2kwgt + @g 1) have an average
value of 0.5 over one period of the sinusoidal function, which introduces a dc offset in the
obtained d-axis reference current. Ignoring the ac component, the d-axis reference current

considering the dg-axis voltage fluctuation can be expressed as
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.k _

Ki udc,o
lge = —

1
- uc210+u(§0+_(uc211+u21) 6.17
s\ V3 ' co2n® ’ (6.17)

where i; , represents the resulting d-axis reference current with dc-link voltage fluctuation.
Hence, when the dc-link voltage and dg-axis voltage fluctuations are serious, the calculated d-
axis reference current error will also become significant. Fig. 6.9 shows the experiment results
of the conventional FW control with dc-link voltage fluctuation. Due to the dc-link voltage
fluctuation and the voltage error caused by voltage fluctuations, the d-axis reference current
gradually saturates, leading to the failure of the FW control. This indicates that dc-link voltage
fluctuation has a negative effect on the system stability.
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Fig. 6.9. Measured results of conventional FW control method with fc-link voltage fluctuation. (a)

Voltage. (b) D-axis current.

® Instability issues due to positive feedback mode

According to [HUO22B], the small signal model of the conventional voltage FB-FW control
method is shown in Fig. 6.10.

*

iy : u
) du s
Kl/s ]_.[ s/ﬂi; ]__>

umax +

Fig. 6.10. Small signal model of FB-FW control method.
oug
di}

Is the d-axis current change on stator voltage u;.

dug  Odugdug  Odug Oug
diy  dujy diy  duy 0 (6.18)
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According to motor voltage equations and stator voltage equations

Jug  ugRs +uqweLy
iy
d /ug + u2 (6.19)
u

aif > 0, ug is the increasing function of i;;, and the close-loop system is
d

Therefore, when

oug

negative feedback, the system is stable. However, when o7
d

< 0, ug is the decreasing function

of i;;, and the close-loop system is position feedback, which is unstable.
Therefore, the stable conditions should be

UgRs + uqw, Ly >0 (6.20)

In high-speed operation, the above equations can be simplified as u, > 0. If u, <0, the

system would be unstable as shown in Fig. 6.11.
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Fig. 6.11. Unstable issues with negative g-axis voltage. (a) dc-link voltage. (b) Q-axis voltage and

speed.

6.3.2 Proposed FW Control Method Based on Quasi-PIR Controller

Fig. 6.12 shows the block diagram of the energy backflow mitigation method based on the
proposed FW control. The primary objective of this approach is to modulate the d-axis current
to effectively reduce the magnitude of back-EMF, and mitigate the dc-link voltage fluctuation,
thereby eliminating the energy backflow issue.

181



-

Uge

i

W) - N Limitier " I Limitier ) .
+ s Ly v | q  + I 1 g Uy
—bé)—v-—b| -PI MTPA }— —A ®_'| Pl : T
- L= 1 - (1
w, qu—aﬂ SVPWM Inverter
* & ig 4 | PI 1 ug 11;}
+ - |l
. { er » 2
iq i iq
Ta,deq ) Tabcfuﬁ’
L s Le
eTTTTTTTTT N
| Signal processing I:_
S Ma,1 1 l g1
Limitier
q - 1 I+
H = f—{_Quasi-pir ]-?t—‘ wh o+~ 2l vl [,
I I
! ae .
» Proposed Feedback FW V3 y
________________________ I~

Fig. 6.12. Block diagram of proposed FW control method.

In the proposed method, a quasi-PIR controller is employed to control the harmonic
components of the voltage error. Unlike the traditional Pl controller, which is typically
effective for steady-state error correction but may fall short in addressing periodic disturbances,
the quasi-PIR controller integrates a resonant component that is fine-tuned to the frequency of
the system harmonics. Compared with the traditional PIR controller, the quasi-PIR controller
is designed to provide better control performance in scenarios where disturbances are not
strictly limited to a single frequency. The transfer function of the quasi-PIR controller is

presented by:

zwiKrS
5%+ 2w;s + wf

K;
GPIR(S) - Kp + ? + (621)

Furthermore, a dc offset compensation method is implemented to compensate for voltage
calculation errors caused by voltages fluctuation, and a signal processing procedure is utilized
to obtain the amplitude of the ac components of the dg-axis voltages as shown in Fig. 6.13. In
addition, a g-axis voltage limiter is employed to prevent the g-axis voltage from becoming

negative.

6.3.3 Optimal Phase Angle Selection for D-axis Reference Current

Since the d-axis reference current contains the ac component, it is essential to consider the
phase angle. As optimal current angle selection enables achieving maximum output torque with

minimal current, thus ensuring optimal control performance. By precisely adjusting the phase
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angle, the fluctuations in the system can be suppressed. The performance of the system can be

improved.
The d-axis reference current can be expressed by:

:ref _ qref -ref
ld,ng - Ld,dc,Zoog + ld,ac,ZoogCOS (ngt + (pid,ac,ng) (6.22)

where ig‘fzfmg is the d-axis reference current, iéﬁ{c’mg is the amplitude of the dc component of

d-axis reference current, igifc_mg, and ¢ daczeg AT the amplitude and phase of the 2nd order

harmonic of d-axis reference current. The amplitude and phase angle of dg-axis voltages and

currents can be obtained by the following signal process method as shown in Fig. 6.13.

. Pigae
[d m [ B R dac2wog
| BPF | | LPF[liﬁmgsm(ngt+q)idlduhg)] ]——[ PI ]——-

i ref
LPF[i ref cos(2wgt + @; N dac2e,
d 2y g (pld.aclwg

Fig. 6.13. Block diagram of the signal process.

As mentioned above, the relative alignment of the magnetic field and the rotor can be
influenced to achieve precise machine control by appropriately adjusting the phase angle of the
d-axis reference current. This adjustment reduces torque ripple caused by DC-link voltage
fluctuations and enhances the overall system's control performance. The LMS algorithm is
particularly suitable for real-time adjustments due to its fast convergence and simplicity, while
the GD algorithm effectively handles complex nonlinear problems to refine the d-axis reference
current phase angle. The combination of these algorithms ensures optimal phase angle selection;
the LMS algorithm minimizes the g-axis current harmonic at twice the grid frequency, and the
GD algorithm dynamically adjusts the LMS parameters to address system uncertainties and

external disturbances, enabling high-precision control.

The structure of the optimal phase angle selection is shown in Fig. 6.14. The 100Hz ac

component of g-axis current lgac2mg (n) is the input signal. The phase angle of d-axis reference

current ;, ac20g (n) is considered as the weight factor.
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Fig. 6.14. Block diagram of LMS algorithm.

The output signal 0,, is presented by

On = lgaczw, (M) X Pig gy, (M) (6.23)

where lgac2mg (n) is the 100Hz ac component of g-axis current.
The error Err,, between the desired response D,, and the output signal 0, can be expressed as:

Erry =Dnp—0,=0- iq,ac,z(ng (n) x Qoid_ac,ng (n) (6.24)

where the desired response D,, is set to zero. The objective of the LMS algorithm is to find the
optimal weight factor/phase angle of the d-axis reference current to produce the minimum Err,,

and then, lgac2mg (n) will be minimized.

The objective function of the LMS algorithm J,, can be defined as half of the squared error

criterion as expressed by

Jn = O.S(ETTn)Z = 0-5[_iq,ac,2u)g(n) X (pid,ac‘ng (n)]z (6.25)

The optimal phase angle Pigaczwg CAN be trained by the GD algorithm to minimize the

objective function as presented by

Pigaczog M T D = Pigaern, W +E=Vim] (6.26)

where VJ, represents the gradient, & is the training constant, determining the convergence

speed.

The flow chart of the GD algorithm is shown in Fig. 6.15.
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Fig. 6.15. Flow chart of GD algorithm.

The weight factors are updated in the opposite direction of the gradient V/,, as the goal is to

minimize the 100Hz g-axis current harmonics. Consequently, with the help of the LMS

algorithm, ¢; ac20g (n) can be trained to an optimized value.
If lgac2wg (M) > lgac2m, (M + 1), the descent direction is right;
If lgac2mg (n) < lgaczwg (M + 1), the descent direction is wrong.

Then, the optimal phase angle can be obtained by minimizing the g-axis current harmonics.
The block diagram of the proposed energy backflow mitigation method, together with the

optimal phase angle selection method, is shown in Fig. 6.16.
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Fig. 6.16. Block diagram of proposed energy backflow suppression method with optimal phase angle

selection method.
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6.4 Experimental Validation

6.4.1 Proposed FW Control Method Based on Quasi-PIR Controller

Fig. 6.17 to Fig. 6.19 show the measured results of the proposed FW method under different
operation conditions (from Fig. 6.17 to Fig. 6.19, 800 r/min with 0.5 Nm load, 800 r/min with
1 Nm load, 1000 r/min with 0.5 Nm load). When the machine operates at 800 r/min with 0.5
Nm load, it can be observed that the back-EMF exceeds the minimum value of the dc-link
voltage before 5 s, leading to the occurrence of the energy backflow phenomenon. In this case,
the dc-link current, torque, and inverter power exhibit both positive and negative values. The
dc-link cannot handle the backflow energy, resulting in an increase in the dc-link voltage
amplitude from 160 V to 170 V. After 5 s, the proposed FW method is applied. The negative
dc-link current, torque, and inverter power are almost eliminated. Additionally, current
harmonics in the system are reduced. When the load is increased to 1 Nm as shown in Fig. 6.18,
the energy backflow phenomenon is effectively suppressed by the proposed FW method after
5 s. When the machine operates at 1000 r/min and 0.5 Nm load as shown in Fig. 6.19, the
energy backflow is evidenced before 5 s. After 5 s, the proposed FW method is used, and the
system exhibits an effective elimination of the energy backflow phenomenon. Fig. 6.20 shows
the effectiveness of the proposed FW method under different operating conditions. By the
proposed methods, the maximum backflow current is reduced from -2 A to 0 A, and the
maximum backflow power from -200 W to close to 0 W. Fig. 6.17 and Fig. 6.20 demonstrate
the effectiveness of the proposed FW control method in eliminating the energy backflow
phenomenon and improving the stability of the small dc-link capacitor based-PMSM drive

systems.
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Fig. 6.17. Measured results without and with the proposed FW method at 800 r/min and under 0.5 Nm
condition. (a) dc-link voltage, back-EMF, and dc-link current. (b) dg-axis current. (¢) Inverter output

power. (d) Speed and torque.
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6.4.2 Optimal Phase Angle Selection of D-axis Reference Current

Fig. 6.21 to Fig. 6.23 show the measured results without and with optimal phase angle selection
method under different operation conditions (from Fig. 6.21 to Fig. 6.23, 800 r/min with 0.5
Nm load, 800 r/min with 1 Nm load, 1000 r/min with 0.5 Nm load). In Fig. 6.21, when without
optimal phase angle selection before 4s, an obvious 100 Hz harmonic in the system is caused
by the small dc-link capacitor. After 4s, the d-axis reference current is reconstructed by the
phase angle selection method, and the system shows a significant reduction in 100 Hz harmonic
from 0.25 A to 0.12 A. When the load is increased to 1 Nm as shown in Fig. 6.22, the 100 Hz
harmonic of the g-axis current is reduced from 0.5 A to 0.3 A by selecting the optimal phase
angle, proving the effectiveness of the optimal phase angle selection method. In Fig. 6.23, after
4s, the 100 Hz harmonica of the g-axis current is greatly reduced from 0.38 A to 0.15 A by
selecting the optimal phase angle of the d-axis reference current. The measured results show
better control performance of the system by optimizing the phase angle of the d-axis reference
current.
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Fig. 6.21. Measured results without and with the proposed optimal phase angle selection method at
800 r/min and under 0.5 Nm condition. (a) dc-link voltage, back-EMF, and dc-link current. (b) dg-

axis current. (c) Inverter output power. (d) Speed and torque.
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Fig. 6.24 and Fig. 6.25 show the spectra of the g-axis current without and with the proposed
optimal phase angle selection method under different operation conditions. These measured
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results show that the control performance is improved under various speed and load conditions

by selecting the optimal phase angle of d-axis reference current.
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Fig. 6.24. Spectra of g-axis current without and with proposed optimal phase angle selection
method. (a) 0.5 Nm. (b) 1 Nm.
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Fig. 6.25. Spectra of g-axis current without and with proposed optimal phase angle selection method.
(a) 800 r/min. (b) 1000 r/min.

Fig. 6.26 and Fig. 6.27 show the measured results of the dynamic control performance of the
proposed mitigation methods. In Fig. 6.26, the speed is increased from 600 r/min to 700 r/min
with a load of 0.5 Nm. In the left column, without the implementation of the proposed methods,
the dc-link voltage experiences significant fluctuations during the speed ramp-up period, which
causes the amplitude back-EMF to exceed the dc-link voltage, leading to the energy backflow
phenomenon. The dc-link current reaches a negative peak of nearly 2 A, maximum negative
power approaching 200 W, and maximum negative torque close to 2.5 Nm. In contrast, when
the proposed method is applied as shown in the right column, the energy backflow phenomenon
is effectively eliminated, and the harmonics in dc-link current, power, and torque are
significantly reduced. In Fig. 6.27, the load increases from 0.2 Nm to 1.5 Nm at a constant
speed of 600 r/min. In the left column, the energy backflow phenomenon occurs without the

proposed method, and the system demonstrates instability due to significant dc-link voltage

194



fluctuation. In the right column, with the implementation of the proposed method, the energy
backflow phenomenon is completely suppressed, and the harmonics in dc-link voltage, dc-link
current, and torque are greatly reduced.
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Fig. 6.26. Measured results with speed increased from 600 r/min to 700 r/min without and with the
proposed methods. (a) dc-link voltage, back-EMF, and dc-link current. (b) Inverter output power.

(c) Speed and torque.
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Fig. 6.27. Measured results with load increased from 0.2 Nm to 1.5 Nm without and with the
proposed methods. (a) dc-link voltage, back-EMF, and dc-link current. (b) Inverter output power.

(c) Speed and torque.

6.5 Conclusion

This chapter systematically analyzes the potential energy backflow phenomenon in small dc-
link capacitor-based IPMSM drive systems. This chapter also investigates the influence of dc-
link voltage fluctuations on the conventional FW control strategies. A quasi-PIR-based FW
control method with dc offset compensation is proposed to achieve the optimal amplitude of

the d-axis reference current. Furthermore, an optimal phase angle selection method, based on
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LMS and GD algorithms, is introduced to further suppress g-axis current harmonics and
enhance system control performance. Experimental validation confirms the accuracy of the
energy backflow phenomenon analysis and demonstrates the effectiveness of the proposed
methods in eliminating energy backflow, as well as improving control performance and

stability in small dc-link capacitor-based IPMSM drive systems.
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CHAPTER 7

GENERAL CONCLUSION AND FUTURE WORK

7.1 Introduction

This thesis has presented a comprehensive investigation into the small dc-link capacitor-based

PMSM drive systems, focusing on improving machine side control performance, which was

often overlooked in the previous studies. It includes sensorless control strategies (both at low

and high speeds) and FW control, and addresses issues related to dc-link voltage sensor faults.

The key contributions of this thesis can be summarized as follows:

For middle and high-speed sensorless control, the effects of fluctuating dc-link voltage
on EEMF-based sensorless control are examined, and a back-EMF harmonic

suppression method is proposed to eliminate the estimated position error harmonics.

For zero and low-speed sensorless control, two different sensorless control methods
that do not require additional voltage signal injection to estimate rotor position are
proposed. Furthermore, a magnetic polarity detection method based on inherent current
harmonics is proposed to determine the magnetic polarity. In addition, a comparison of
harmonic-based sensorless methods reveals that 100 Hz harmonics offer better static

performance, while 200 Hz harmonics excel in dynamic performance.

For the dc-link voltage sensor faults, the influence of sensor faults on the EEMF-based
sensorless control method is investigated, and a dc-link voltage observer is proposed.
Practical challenges such as parameter mismatches, coupling issues between estimated
dc-link voltage and rotor position, sampling delays, and power losses are

comprehensively analyzed and mitigated.

The unavoidable energy backflow phenomenon is thoroughly analyzed. A novel FW
control method that optimizes the amplitude and phase of the d-axis reference current

is proposed to enhance control performance.

Several novel control strategies are proposed for the first time. Some findings and conclusions

are detailed below. The summary of this thesis is shown in Fig. 7.1.
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Fig. 7.1. Summary of the research in this thesis.

7.2 General Conclusions

7.2.1 DC-Link Voltage Sensor Faults Issues

In small dc-link capacitor-based PMSM drive systems, where dc-link voltage is constantly
fluctuating (always changing), accurate voltage information is crucial for ensuring stable
operation. This thesis investigates the effects of dc-link voltage sensor faults on the control

performance of PMSM drive systems, particularly focusing on the EEMF-based sensorless

1
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control method. The analysis shows that dc-link voltage sensor error, such as dc-link voltage
measurement error can introduce a dc offset in the estimated rotor position error. To address
this issue, a novel dc-link voltage observer which is immune to estimated rotor position error
is proposed to effectively mitigate the effects on the EEMF-based sensorless control method
caused by sensor faults. Additionally, the motor parameters mismatch caused by magnetic
saturation is investigated using FEA, and it is evident that the parameter mismatches have
minimal effect on the proposed observer. To further address the coupling issue related to using
estimated dc-link voltage in the EEMF-based sensorless control, a back-EMF harmonic
suppression method is proposed to reduce the harmonics in the estimated back-EMF, speed,
position error, and dc-link voltage, thereby eliminating the coupling issues. Moreover, this
thesis explores challenges related to time delay and power loss on the proposed observer and
the EEMF-based control method. To overcome these, a time delay compensation method based
on dc-link voltage reconstruction is introduced, along with a power compensation method to
cancel the effects of power losses, enhancing the accuracy and applicability of the proposed
observer in more complex operational environments.

TABLE 7.1
COMPARED OF DIFFERENT TECHNIQUES OF DC-LINK VOLTAGE SENSOR FAULT DETECTION

Methodology Target system Post-Fault Deal with dc-link
remediation  voltage fluctuation
[TEN17] Sliding-mode PMSM No No
observer
[SKO22] Neural n.etwor'k fault ™ Yes No
classification
[WAN19C] Stator ﬂu?( ol?sewer DTP PMSM Yes No
combination
[TRI19] Adaptive observer PMSM Yes No
[XIA23] Unknown input SMO  Single-phase grid Yes No
and adaptive FTC converters
Proposed method PIR-based voltage PMSM Yes Yes

observer with
optimization methods

In comparison to the existing methodologies, the proposed PIR-based voltage observer with
optimization methods offers some important advantages, particularly in its capability to
accurately observe and compensate for ac signals. Traditional methods, while effective in

identifying specific faults or optimizing control under stable conditions, cannot generally
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monitor and adjust for the complexities introduced by fluctuating ac signals. For instance, the
extreme learning method and neural network fault classification are proficient in fault detection
but do not inherently support the observation of ac signals. Similarly, while SMO and adaptive
observers are robust in certain dynamic scenarios, they are typically optimized for dc signals
and may not adequately address ac variations. The stator flux observer combination and
unknown input SMO approach, although more advanced, primarily targets fault detection and
mitigation, without focus on ac signal fluctuations. In contrast, the PIR-based observer not only
enhances fault detection and post-fault remediation but also integrates optimization strategies
that enable precise observation and compensation for ac quantities, which is crucial in small
dc-link capacitor-based PMSM systems. This makes the proposed methods more versatile and
effective in ensuring robust system performance under varying operational conditions. The

comparison of each method is shown in Table 7.2.

TABLE 7.2

COMPARED OF DIFFERENT TECHNIQUES OF DC-LINK VOLTAGE OBSERVER

. AC signal
Primary Focus Observation Strengths
Extreme . . .
Learning Method Fault Detection No Effective in fault detection
Sliding-Mode Dynamic Fault Detection Limited Robust in dynamic scenarios
Observer
Neural.Net\york Fault Classification No Advanced fault classification
Classification
Stator Flux . . .. . .
Fault Detection & Compensation Limited Effective in flux estimation
Observer
Adaptive Adaptive Fault Detection Limited Adapts to dynamic changes
Observer
Unknown Input . 1t Detection & Mitigation Limited Advanced fault toleran
SMO with FTC ault Detectio gatio e vanced fault tolerance
Quasi-PIR-based Fault Detection & Compensation Yes AC signal observation

Voltage Observer

7.2.2 DC-Link Voltage Fluctuation on Sensorless Control Method

In small dc-link capacitor-based PMSM drive systems, severe fluctuations in the dc-link
voltage can not only introduce harmonics into the system but also result in insuffient dc-link

voltage conditions in certain scenarios, further deteriorating control system performance. For
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instance, the conventional HF signal injection-based sensorless control methods normally used
in zero and low-speed regions always need the extra HF voltage sensor to extract rotor position
information. However, the dc-link voltage fluctuation, particularly when the minimum dc-link
voltage is low, can severely deteriorate control performance in zero and low-speed regions due
to insufficient dc-link voltage. Additionally, these extra HF signal injection methods tend to
increase losses, torque ripples, and acoustic noise. To overcome these challenges, two novel
sensorless control methods are introduced, which utilize inherent current harmonics caused by
dc-link voltage fluctuations to determine rotor position, eliminating the need for additional HF
voltage injection. These unavoidable current harmonics are also utilized for magnetic polarity
detection in this thesis, providing better performance than the conventional secondary
harmonic-based methods, especially under heavy load conditions. To address the sensitivity of
the proposed method-1 to motor parameter mismatches, a lookup table derived from FEA was
initially employed in Chapter 4. However, this approach has limitations, such as reliance on
precomputed data and the requirement for additional memory resources. Estimated position
error could introduced if input data do not precisely match the stored values, potentially
affecting rotor position estimation accuracy. Moreover, the method’s dependence on multiple
variables, including both dg-axis current signals and the amplitude and phase of the dg-axis
voltages, can limit the precision and overall system performance. Consequently, the novel
sensorless control method-I1 is introduced, which is immune to motor parameter mismatches
and reduces dependency by requiring only the g-axis current and the phase angle of the dg-axis
voltages. The proposed sensorless control methods based on 100 Hz and 200 Hz harmonics are
also compared, providing a robust solution for HF signal injection-based sensorless control
under severe dc-link voltage fluctuations. The comparison of the proposed novel sensorless
control methods and the conventional HFSI-based sensorless control methods is shown in
Table 7.3.
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TABLE 7.3
COMPARED OF CONVENTIONAL HFSI-BASED METHODS AND PROPOSED SENSORLESS METHODS

Conventional HFSI-based Proposed method-I  Proposed method-II

methods
Bandwidth High Medium Medium
Static performance Medium Good Good
Dynamic performance Good Worse Medium
SNR Medium Worse Good
Parameter sensitivity No Yes No
System complexity Medium High Medium
Feasibility under
fluctuating dc-link Worse Good Good
voltage
Losses Medium Low Low
Torque ripples Medium Low Low
Acoustic noise Medium Low Low

For middle and high-speed sensorless control, the influence of fluctuating dc-link voltage on
EEMF-based sensorless control is firstly investigated. To address this, a back-EMF harmonic
suppression technique utilizing notch filters is proposed to eliminate rotor position error

harmonics, thereby enhancing the performance of the EEMF-based sensorless control method.

7.2.3 DC-Link Voltage Fluctuation on FW Control Method

The energy backflow phenomenon in small dc-link capacitor-based PMSM drive systems is
firstly identified and investigated in this thesis. The large amplitude of back-EMF could exceed
the minimum value of fluctuating dc-link voltage, leading to notable energy backflow. This
unintended energy backflow not only poses risks to power devices but also introduces
challenges to system stability and efficiency. The FW control strategy can effectively mitigate
energy backflow by controlling the d-axis current to reduce the back-EMF. However, FW
control faces challenges in systems with fluctuating dc-link voltage, as the dg-axis voltages
also fluctuate, potentially causing voltage calculation errors that lead to d-axis reference current
errors which are first identified in this thesis. Additionally, an analysis of the small-signal
model of FB-FW control reveals that severe g-axis voltage fluctuations, particularly when the

voltage becomes negative, can induce a positive feedback mode, resulting in inherent instability.
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To address these issues, this thesis proposes a quasi-PIR-based FW control with dc offset
compensation method. Furthermore, an optimal phase angle selection method based on the
LMS algorithm and GD algorithm for d-axis reference current is introduced to suppress current
ripple caused by the fluctuating dc-link voltage. This approach enhances the control
performance and stability of the PMSM drive system. An overall summary of the existing

works about FW control optimaziont in case of dc-link voltage fluctuation is shown below.

L In [JUN14], a concept of “average voltage constraint” is introduced to reduce the d-
axis reference current ripple caused by dc-link voltage fluctuation in the FW control method.
° In [DIN19], by switching different FW control modes (minimum dc-link voltage
control mode and extended dc-link voltage control mode) to improve dc-link voltage utilization
and reduce torque ripple.

® In [HUO22B], a g-axis voltage control method is proposed to avoid positive feedback
mode and improve the stability of the FW control.

® In [JIN24A], an active damping and voltage angle control-based FW control is proposed
to reduce current harmonics.

° The proposed quasi-PIR and optimal phase angle selection-based FW control with dc
offset compensation is proposed to eliminate the energy backflow issues, reduce current
harmonics, and improve the performance and stability of the FW method. The comparison of
proposed FW method and other works are systematically compared as shown in Table 7.4.

TABLE 7.4
COMPARED OF OTHER OPTOMAZED FW METHODS AND PROPOSED FW METHOD

Proposed
[JUN14] [DIN19] [HUO22B] [JIN24A] methods
Dynamic Performance Medium Medium Medium Good Good
Static Performance Medium Medium Medium Good Good
Computational burden Low Medium Low High High
D-axis reference current Yes Yes Yes Yes No
error
Positive feedbapk mode No No Yes No Yes
suppression
Torque ripple High Medium Medium Low Low
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7.3 Future Work

Based on the analysis and conclusions, the future work can be summarized as follows:

1.

Investigating a lookup table to further reduce the influence of motor parameter mismatch
on the proposed dc-link voltage observer, or designing a new observer that is completely
immune to motor parameter variations.

Investigating the influence of dc-link voltage sensor faults on FW control and adapting the
proposed dc-link voltage observer for use in FW control strategies.

Investigating bandwidth enhancement strategies to address the low bandwidth issue in the
proposed sensorless control methods.

Investigating the influence of dg-axis current fluctuations caused by small dc-link
capacitor on the magnetic polarity detection strategy, a potential dc offset in the d-axis
secondary harmonic response current need to be analyzed and suppression.

Investigating the optimal efficiency control strategies optimization method for small dc-
link capacitor-based PMSM drive systems to maximize performance while minimizing
energy losses.

Investigating grid side optimization strategies, such as high PF control, LC resonance
suppression, and grid current quality improvement. Then, investigate strategies for

simultaneous optimization of both grid side and machine side control.
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APPENDIX

Appendix 1 Experimental Platform

In this thesis, the experimental platform is designed using a variable transformer and an
isolation transformer connected to the main power, providing an adjustable and isolated AC
input source. The platform is built around the Infineon EVAL-M1-CTE610N3 evaluation board,
which is used to control and interface with the system. The dSPACE1006 control system is
employed to manage the operations. The platform includes both a test motor and a load motor,

as shown in Fig. A.1.

Test motor Load motor AC power supply

Fig. A.1. Experiment platform.

The variable transformer allows for precise adjustment of the input voltage, while the isolation

transformer ensures safety by electrically isolating the system from the mains supply.

The dPACE1006 processor board, which serves as the core of the real-time control system, is
powered by a 2.4 GHz multi-core AMD Opteron CPU. In this setup, the analog signals from
the current and voltage sensors are digitized by the DS2004 ADC board before being sent to
the DS1006 processor board. The incremental encoder's output is routed through the DS3001

incremental encoder board, which then forwards the data to the DS1006 processor.

Upon processing, the DS1006 processor board sends PWM duty cycle information to the
DS5101 board, which generates six-channel PWM signals for the inverter module. Then, the
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Infineon EVAL-M1-CTE610N3 evaluation board is responsible for managing the power

electronics and control functions of the test motor.

The test motor is equipped with sensors to measure three-phase stator currents. The rotor
position and speed are tracked using an incremental encoder mounted on the motor shaft.
Additionally, the output torque of the test motor can be optionally measured using a torque

transducer connected to the shaft. The parameters of the test motor are given in TABLE A.1.

TABLE Al.1
PARAMETERS OF THE TEST MOTOR OF THE IPMSM [CHE99]

Rated voltage (peak) 158V
Rated current (peak) 4.0A
Rated power 0.6 kW
Rated torque 4.0 Nm
Number of pole pairs 6
Slot number 18
Number of series connected conductors/pole/phase 152 turns
Wire diameter (2 wires stranded) 0.36mm+0.51mm
Winding coil pitch 3 slots
Winding resistance per phase 6.0 Q (20°C)
Skew 1 slot-pitch
Stator outer radius 53.3 mm
Stator inner radius 31.00 mm
Stator outer radius 30.25 mm
Core length (stator) 32.00 mm
Core length (rotor) 30.00 mm
Shaft diameter 25.00 mm
Air gap length 0.75 mm
Magnet UGIMAX 35HCI1 (B~=1.17T, w=1.07)
Stator steel Transil 310-50
Rotor Steel Transil 300-35
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