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Abstract:

Sensorless control of permanent magnet syn-
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inverter nonlinearity and flux spatial har-
monics, (6 1)th order harmonic distortion
in the estimated back-EMF corresponding
to 6th order ripples in the estimated posi-
tion and speed appears. This thesis presents
a complex coe Lcieht synchronous frequency
filter (CCSFF) and a bilinear recursive least
squares (BRLS) adaptive filter to suppress
the 6th order harmonics in the estimated po-
sition and speed. The influence of the pa-
rameter design of the respective methods is
analyzed, and the methods are experimen-
tally verified. Su [cieht 6th order harmonic
suppression in various steady state condi-
tions is obtained using the CCSFF, with the
harmonic suppression capability improved as
speed increases. An adaptive approach to
the parameter design of the CCSFF ensures
fine dynamic performance. The BRLS adap-
tive filter ensures better harmonic suppres-
sion capability in various steady state condi-
tions by tracking and compensating the spec-
ified harmonic components in the estimated
back-EMF without a [edting the system’s dy-
namic performance.
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Summary

This master’s thesis concerns sensorless control of permanent magnet synchronous motors
(PMSMs). Sensorless control of PMSMSs requires accurate position and speed estimation.
Due to voltage source inverter (VSI) nonlinearities and flux spatial harmonics, the
estimated back-EMF is distorted by (6 1)th order harmonics. The (6 1)th order
harmonic in the estimated back-EMF will introduce 6th order harmonics in the estimated
position and speed, which may aledt the performance of the sensorless control. In this
thesis, two filters are proposed to suppress the harmonics caused by inverter nonlinearities
and flux spatial harmonics. The two methods are implemented in a sensorless field oriented
control (FOC) structure with a back-EMF based position estimator, including a closed-
loop flux observer (CLFO) and a phase-locked loop (PLL). The idea is to detect and
suppress (6 1)th order harmonic in the estimated flux, hence the 6th order harmonics
in the estimated position and speed. The filter methods are analyzed and experimentally
verified using a laboratory setup.

An analysis of measured current, estimated flux, estimated rotor position, and estimated
speed from the laboratory are performed to examine the e [edts of the inverter nonlinearities
and flux spatial harmonics. The analysis shows obvious (6 1)th order harmonics in the
measured currents and estimated flux. Furthermore, obvious 6th order harmonic ripples
are seen in the estimated position and speed.

The first filter is a complex coe Lcieht synchronous frequency filter (CCSFF) with zero
phase shift in steady state. Combining the CCSFF with a PLL shows great potential
in suppressing the (6  1)th order harmonic in the estimated flux. The suppression
capability is strictly related to the operation speed and the bandwidth of the CCSFF.
However, the bandwidth can be varied easily by adjusting the parameters. By lowering
the bandwidth more su [cieht harmonic suppression capability is achieved. However, the
dynamic performance during transient is worsen, hence larger phase shift is present during
speed and load variation. Adopting an adaptive approach to the CCSFF-PLL bandwidth,
improves the dynamic performance of the CCSFF without a [edting the filtering capability.
The second filter is a bilinear recursive least squares (BRLS) adaptive filter with zero phase
shift in steady state. Combining the BRLS adaptive filter with the PLL shows even greater
potential in suppressing the (6 1)th order harmonic in a wide speed range compared to
the CCSFF. The BRLS adaptive filter does not aledt the dynamic performance, hence
zero phase shift is added to the system during speed and load variations.

As both filters shows great suppression capability in the estimated position and speed,
the influence of a more accurate position and speed estimation is examined. In low to
mid speed range the improved position and speed estimation attenuate the (6 1)th order
harmonics distortion in the phase current as the current loop is capable of compensating
for the ripples caused by inverter nonlinearities and flux spatial harmonics. However, the
compensation is heavily aledted by the operational speed and the current loop which is
not capable of compensating for the ripples. Hence other methods may be considered to
additionally improve the distortions in the currents.
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Nomenclature

Abbreviation  Description

BRLS Bilinear Recursive Least Square

CCSFF Complex Coe cient Synchronous Frequency Filter

CLFO Closed Loop Flux Observer

FFT Fast Fourier Transform

FOC Field Oriented Control

GUI Graphical User Interface

IPMSM Interior Permanent Magnet Synchronous Motor

PLL Phase-locked Loop

PM Permanent Magnet

PMSM Permanent Magnet Synchronous Motor

SVM Space Vector Modulation

VSI Voltage Source Inverter

Symbol Description Unit

_ Derivative with respect to time [-]

" Estimated component [-]

- Error component [-]

B Viscous friction coe cient [ Nm g

c Constant [-]

e Back-EMF V]

Gj; Transfer function, wherej = p;candi = d;q; speed [-]

h Index number [-]

i Current components in reference frame, whera = [A]
a;b;c;d;q; ;

J Equivalent system inertia kg m?]

k Damping factor [-]

Ki;j Controller integral component, wherei = d; g; speed [-]

Kp:i Controller proportional component, where i =[]
d; g; speed

L; Synchronous inductance in reference frame, whelie= [mH]
d;q

Npp Number of pole pairs [-]

Rs Single phase resistance W

Sp Scaling factor [-]

t Time [s]

T Time period [s]

Ty Time delay [s]

Ts Switching period [s]

Continues on next page
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Symbol Description Unit

Ui Voltage components in reference frame, wheré = [V]
a;b;c;d;q; ;

w Filter coe cient vector [-]

Wi Variable for the derivation of Iter structure in reference  [-]
frame, wherei = ;

Z; Flux component in reference frame, wheré = ; [Wh]

¢ Coulomb torque coe cient [Nm]

f Frictional torque [Nm]

e Electromagnetic torque [Nm]

| Load torque [Nm]

Forgetting factor [-]

mpm Peak permanent magnet ux linkage [Whb]

i Flux linkage components in reference frame, where [Wb]

i=d;q;;

fi Fundamental ux linkage component in reference [Wb]

frame, wherei = ;

hi Harmonic ux linkage component in reference frame, [Whb]

wherei = ;

e Electrical rotor position [rad]
e Bandwidth [rad/s]
e Electrical rotor speed [rad/s]
I'm Mechanical rotor speed [rad/s]
I'n Natural frequency [rad/s]

i Error signal component in reference frame, where = [Wb]

Harmonic information vector [-]
m Phase margin [deg]
Damping ratio [-]

viii
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Introduction

Permanent magnet synchronous motors (PMSMs) have gained traction in various industrial
applications due to their characteristics such as high e ciency, high power density, and
high torque to volume ratio. To use the PMSMs in di erent applications, an appropriate
control structure is required. In such control systems, information on the rotor position of
the PMSMs is essential to obtain accurate control performance. Besides costs, including
an encoder or resolver as position feedback to the control system will increase the system
size and reduce reliability. Thus, sensorless control methods have been extensively studied.
There are two main categories within sensorless control which are based on the operational
speed range of the PMSM application; high-frequency (HF) injection methods and back-
EMF based methods. HF injection methods are utilized at zero and low speed, which
is typically up to 10% of the rated speed of the PMSM [Wang et al., 2018],[Xie et al.,
2016],[Seilmeier and Piepenbreier, 2015]. The HF injection methods utilize rotor saliency,
hence the method is only applicable for interior PMSMs (IPMSMs). For the mid to
high-speed range, typically back-EMF based control methods are utilized [Chen et al.,
2020],[Wang et al., 2019],[Lee and Ha, 2012]. The back-EMF is proportional to the speed,
hence the back-EMF is more reliable as the speed increases.

In the mid to high-speed range with the back-EMF based sensorless control, several
methods for position estimation can be considered, including closed-loop ux observer
(CLFO) [Wang et al.,, 2019],[Chen et al., 2020], Kalman Iter [Dhaouadi et al.,
1991],[Bolognani et al., 2003],[Allaoui et al., 2021], model reference adaptive system
(MRAS) [Lin et al., 2019] or sliding mode observer (SMO) [Wu et al., 2020],[Wu et al.,
2022].

In sensorless control systems for PMSMs typically only current measurements are available,
hence the reference voltages may be used to estimate the rotor position dependent on the
estimation method. When using a voltage source inverter (VSI), a voltage di erence
between the reference voltage from the control system and the actual output voltage of the
VSl is present. This voltage di erence can be considered as nonlinearities of the VSI. The
nonlinearities of the VSI are caused by di erent characteristics such as dead time, switching
delays, parasitic capacitance, and on-state voltages in the VSI. [Park and Sul, 2012] The
inverter nonlinearities which cause the voltage di erence may a ect the performance of the
sensorless control system. The nonlinearities of the inverter also a ect the output current
with harmonic distortions. Hence, the inverter nonlinearities can a ect the performance
of the control system. [Park and Sul, 2012]

The inverter nonlinearities cause distortion in the estimated back-EMF in the  reference
frame where the distortion is dominated by the @ 1)th order harmonic components.
These harmonic distortions in the estimated back-EMF will appear as a 6th order harmonic
component in the estimated position and speed. The distortion in the position and speed
estimation will a ect the performance of the sensorless control system. Hence, di erent
studies have been made to try to compensate for the voltage error of the inverter, caused
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by nonlinearities. [Wu et al., 2020],[Park and Sul, 2012],[Kim et al., 2010]

However, even if the compensation of the inverter nonlinearities is performed perfectly
(which in practice may be di cult to obtain), ux spatial harmonics will also cause ( 6 1)th
order harmonic distortion in the estimated back-EMF. Flux spatial harmonics are present
due to a nonideal air-gap magnetic eld in the PMSM. Hence, methods to detect and
suppress the harmonic distortion caused both by the inverter nonlinearities and ux spatial
harmonics may be considered. [Wu et al., 2020] [Wu et al., 2022]

To suppress the harmonic distortion in the estimated position and speed, caused both
by the inverter nonlinearities and ux spatial harmonics, a ltering approach may be
considered, to simply Iter out the harmonics contained in the estimated back-EMF before
this signal is used to estimate the rotor position and speed. Dierent Itering methods
have been studied including resonant lters and adaptive Iters. However, due to the
phase characteristic of the resonant lIter, its performance is sensitive to the resonant
frequency. The resonant frequency may be di cult to track accurately in variable-speed
drives during transients and load torque disturbance, which may degrade the performance
of the sensorless control system for variable-speed PMSM drives. [Freijedo et al., 2011]
Adaptive lters seem to be the better choice for detecting and suppressing harmonic
components due to their bandpass ltering characteristics and frequency adaptability.
Di erent adaptive Iters have been studied for harmonic detection and suppression. In
Wu et al. [2022], a complex-coe cient synchronous frequency Iter (CCSFF)-based sliding
mode observer combined with a quadrature phase-locked loop is proposed to detect and
suppress the estimated back-EMF distortion. According to Wu et al. [2022], the CCSFF
possesses frequency adaptability and bandpass- Itering characteristics that eliminate the
harmonic distortion, and a smooth back-EMF signal is obtained. This ensures improved
position estimation, improving the control system's performance. Wu et al. [2020] propose
a bilinear recursive least squares (BRLS) adaptive Iter integrated into a sliding-mode
position observer to suppress the dominant harmonic components in the estimated back-
EMF. According to Wu et al. [2020], the BRLS lter has the ability to detect and suppress
speci ed harmonic components in both steady-state and dynamic operational conditions.
The lter is robust to variation in motor parameters, and the BRLS algorithm itself is
independent of motor parameters.
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1.1 Project speci cation

As previously described, dominating 6 1)th order harmonic components are present in
the estimated back-EMF, due to nonlinearities of the inverter and ux spatial harmonics.
This corresponds to a 6th order harmonic component in the estimated position and speed,
which a ects the performance of sensorless control of PMSMs. It may be more convenient
to use a ltering approach to eliminate the harmonic distortion rather than use voltage
error compensation methods, due to also existing ux spatial harmonics. Adaptive Iters
have the ability to track the change in speci ed frequency components caused by changes
in the working condition.

This leads to the following problem statement for the work of this thesis.
How can adaptive lters be used for suppression of the 6th order harmonic component in
the estimated position and speed?

The adaptive lters proposed in [Wu et al., 2022] and [Wu et al., 2020] are in this thesis
further examined for suppression of the 6th order harmonic component in the estimated
position and speed. The two methods are compared based on the following criteria:

" Dynamic performance.
" Harmonic suppression capability at steady state.

To evaluate the adaptive lters, they are implemented in a sensorless Field-oriented control
(FOC) based control system including a closed-loop ux observer (CLFO) and a phase-
locked loop (PLL) for position estimation. The adaptive lters are veried through
experimental tests using a laboratory test setup which is further described in section
1.2. The thesis includes an introduction to the sensorless control system and the position
estimation method. Further, an analysis of the harmonics in the estimated back-EMF
and its e ect on the estimated position and speed is performed. The adaptive Iters are
analyzed and the parameter design is elaborated.
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1.2 System description

The methods to suppress 6th order harmonics in the estimated position and speed are
examined and evaluated based on experimental tests using the laboratory setup illustrated
in gure 1.1. The schematic of the system with the connection of the di erent components
is illustrated in gure 1.2

Figure 1.1. Test setup used for examination and evaluation of the harmonic suppression
methods. 1. PMSM, 2. Programmable load motor, 3. Encoder, 4. Voltage Source
Inverter, 5. dSPACE module, 6. Current sensor, 7. dSPACE Graphical User
Interface.

Figure 1.2. Schematic of the laboratory setup.

The PMSM is a three-pole pair11 kW motor. Speci cations and parameters are listed in
table 1.1. An incremental encoder is connected to the shaft of the PMSM to obtain the
position and speed information of the rotor. The encoder is primarily used to compare
with the estimated rotor position and speed. The load motor can be operated in torque
control to provide a desired load to the shaft of the PMSM during tests. Furthermore, the
load motor can be operated in speed control to drive the PMSM, which is applicable for
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di erent experimental tests such as parameter identi cation of the PMSM. The dSPACE
module is used for digital signal processing and is based on Simulink environment. The
dSPACE module is used to implement and apply the control structure and data collection.
From the dSPACE Graphical User Interface (GUI) the control is operated and desired
signals can be monitored during operation.

The Voltage Source Inverter (VSI) is a Danfoss inverter of type FC-302P7K5T5E20H1
with each output controlled individually by a duty cycle signal. The inverter parameters
are listed in table 1.1.

PMSM Inverter

Parameter Value Unit Parameter Value Unit
Rated power 11000 w Maximum current 16 A
Rated speed 3600 rpm Switching frequency 5 kHz
Rated torque  29.2 Nm Dead time 2 S
Rated current 16.8 Arms
Rated voltage 380 Vrms
Npp 3 -
Rs 0.36 w

mpm 0.1199 Wb
Lqg 1.99 mH
Lq 3.40 mH
B 1:4 103 Nm s

¢ 0:5672 Nm
J 1:44 10 2 kg m?

Table 1.1. PMSM and inverter parameters. The parameters for the PMSM are obtained from
previous studies [Christiansen and Clausen, 2022].

The speci cations of the PMSM are provided by Aalborg University while the inverter
speci cation is obtained from the nameplate. Accurate parameter identi cation is essential
to obtain good control performance of the PMSM, as the majority of the designed control
structure is based on these. Due to this, the PMSM parameters such as the single-phase
electrical resistanceRs, the permanent magnet (PM) ux linkage mpm, the d- and o-
axis inductance, the inertiaJ, the viscous and Coulomb friction coe cients B, and . are
found experimental. The parameters are identi ed by performing di erent tests with the
PMSM. As previous work has been carried out using the laboratory setup, the methods for
identifying the model parameters are not presented in this thesis. However, the identi ed
parameters obtained from previous studies are listed in table 1.1. Information about the
identi cation methods used to obtain the model parameters is found in [Christiansen and
Clausen, 2022].







Sensorless control

In this chapter, a sensorless FOC structure is presented to elaborate on the harmonic
distortion in the estimated position and speed. Later the sensorless FOC is used together
with the proposed Iter methods. This chapter includes a mathematical model of the
PMSM and a concept description of the FOC structure along with the design of the PI
controllers. Furthermore, the structure of the position estimator is presented, including
the CLFO, used to estimate the ux linkage based on the back-emf measurement, and a
PLL, used to smoothen the estimated position and speed signal. The designed sensorless
control structure is validated based on an experimental test with the laboratory setup.
The obtained parameters used in the sensorless control structure are listed in table A.1.

2.1 PMSM model

To design the control structure applied in this thesis, the PMSM voltage equations and
the equations of motions are introduced. The voltage equations of the PMSM in thelq
reference frame are given in (2.1) [Krause et al., 2013].

U= Rs ig+ g4 'e ¢
Where ug, Uq, ig and iq are the stator dg-axis voltages and currents respectively.Rs is

the single phase resistance,q and q are the dg-axis ux linkages and ! ¢ is the electrical
rotor speed. Thedgaxis ux linkages are given in (2.2).

d=Ld id*+ mpm , <= Lg kg
a= Lq iq ; q=Lgq iq (2.2)

Where L4 and Lq are the dg-axis inductances and mpm is the rotor permanent magnet
ux linkage.
The expression for the electromagnetic torque is given in (2.3) [Krause et al., 2013].

3 . .
e= > Npp ( d g q 1d) (2.3)

Where npp is the number of pole pairs. Substituting (2.2) into (2.3) and rearranging, the
electromagnetic torque is expressed as (2.4).

3 : L
e = > Npp ( mpm iq*+(La Lgq) iq ia) (2.4)
The angular rotor speed is calculated in (2.5).
o 3 (25)

Where! , is the mechanical rotor speed, ¢ is the electromagnetic torque, ¢ is the frictional
torque, and | is the load torque.
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2.2 Sensorless FOC

The control structure considered in this thesis is based on sensorless FOC. The sensorless
control scheme is illustrated in gure 2.1.

Figure 2.1. Sensorless FOC structure.

The sensorless FOC structure has a closed-loop speed control, utilizing two inner Pl-based
closed-loops to control thedg-currents. The FOC is used to orient the stator current vector

in a synchronous rotating dq reference frame. The current vector is oriented on the-axis,
meaning thed-axis current is controlled to zero. Theg-axis current is calculated using the
speed control loop.

The FOC structure contains three PI controllers: One in each current loop and one in the
speed loop. The PI controllers are designed based on the dynamics of the di erent control
loops. The transfer functions of the three control loops are obtained using the PMSM
voltage equations (2.1) and the equation of motion (2.5) along with the expression of the
electromagnetic torque (2.4). For simplicity the back-EMF, Coulomb friction, and load
torque are neglected. The transfer functions are shown in (2.6), (2.7) and (2.8).

iq 1

Gpg= — = 2.6

P47 g~ (s La+ Rq) (s Ta+1) 9
i 1

Gy = s 2.7

P97 ug (s Lg+ Rs) (s Ta+1) 2.7)

Where T4 is @ modeled time delay given a3y = 1:5 Ts with Ts representing the switching
period. These delays are due to the digital implementation of the control which implies
the sampling of signals and the processing of the control algorithm [Zigmund et al., 2011].
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For the two current loops it is desired to achieve similar responses, thus the bandwidth
of the two control loops is designed to be similar. As seen from (2.6) and (2.7) the two
current loops have a common pole located at % due to the modeled delay. However,
the location of the second pole is dierent for the two systems due to the di erence in
the dgrinductances. Hence, to achieve similar current responses, the PI controller design
for the respective current loops is di erent. The PI controllers are designed based on a
pole/zero cancellation methodology, whereof the zero of the PI controller is placed at the
pole location LRS to cancel the dynamics caused by this pole. By analyzing the dynamics
of the two current loops, the controllers in (2.9) and (2.10) are obtained for theiyq and
iq current loop, respectively. The controllers are designed with the criteria of a desired
bandwidth ! ;. 2000rad=ss. When! . 2000rad-s the systems phase margins become
m  55° which is a good trade-o0 between stability and rise time [Lina et al., 2014].

x

29 s+1 :
K. 0:0055 s+1
Ged = kig dT =840 s (2.9)
Kpig s+1
- 0:0094 s+1
Geq = Kig k'qf =840 % (2.10)

The designed PI controllers are implemented in the control structure using the laboratory
setup. The current response fory and i are examined individually. A test is performed by
making a step change in the current reference for the respective current component while
the opposite current component is controlled to zero. Figure 2.2 illustrates thelg-current
responses with the PI controllers given in (2.9) and (2.10) from tests using the laboratory
setup.

Figure 2.2. Step responses of th@g-currents with the PI controllers in (2.9) and (2.10) from
tests using the laboratory setup.

It is seen that the responses of thed- and g-current are similar. The bandwidth of the
controllers is designed to be similar, hence equally fast responses are expected. It is seen
from the gure, that both current responses have a similar rise- and settling time. The
designed controllers are therefore deemed to be acceptable for current control.
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With the current controllers deemed acceptable, the PI controller for the speed loop is
designed. The zero is placed by utilizing the system's frequency response. Similar to the
current controllers, an overshoot in the speed response is deemed acceptable. However,
it is desired to reduce the overshoot slightly compared to the current loop. A criterion

of phase margin ,, 70 is set for the speed loop. The designed PI controller for the
speed loop is given in (2.11). Using the designed controller for the speed loop, a bandwidth
I« 24radssis obtained.

fpseed g4 01 s+1

Ki:spee
Ge;speed = Kispeed — : s =6 S (2.11)

The designed speed controller is implemented in the control structure using the laboratory
setup and the performance of the speed loop is examined. A test is performed with the
PMSM run at 1800 rpm using the encoder as feedback. The PMSM is loade2INm using
the load motor. To examine the speed response, a step load is applied to the system
increasing the load from2Nm to 6 Nm at time t = 1s. Furthermore, at time t = 4s the
load is decreased fron6 Nm to 2 Nm. The test is illustrated in gure 2.3.

Figure 2.3. Speed response using the encoder as feedback and the PI controller in (2.11). Test
is performed using the laboratory setup when a4 Nm step load is applied.

It is observed that the speed response has some periodic uctuations, as indicated in the
gure with arrows. From previous studies with the laboratory setup, the periodic dynamics,

as seen in the gure, are elaborated. In [Christiansen and Clausen, 2022], it is found that
the implementation of the control structure does not cause the periodic dynamics. Hence,
it may be caused by hardware issues. No further analysis is performed to nd the exact
cause of the periodic dynamics, and the in uence of the dynamics is distinguished.

From the speed response it is seen that when the load is increased 6d\m, the rotor
speed drops instantaneously. However, the speed converges relatively fast to the reference
of 1800rpm When the load is decreased t®2 Nm again, the speed increases before it
converges to the reference. Based on the speed response illustrated in gure 2.3, the
designed PI controller for the speed loop is deemed acceptable.

10
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2.3 Position estimator

To run the PMSM sensorless, the rotor position needs to be estimated to orient the current
vector on the g-axis. Ideally, it is desired to orient the current vector precisely on theg-
axis. However, as the rotor position is an estimate of the real rotor position, the alignment
of the reference frames may not be perfect. Thus, an error between the real and estimated
rotor position may occur. The real and estimated reference frame is de ned as illustrated
in gure 2.4. Where % is the electrical rotor position error de ned as in (2.12).

~ AN

e= e e (2.12)

Figure 2.4. lllustration of the reference frames.

To estimate the position, a CLFO with a PLL is designed. The structure of the CLFO
is based on the PMSM voltage equation in the reference frame as given in (2.13) and
(2.14).

U =Rs i + — (2.13)
=(Lg ig+ mpm+] Lq iq) € ¢ (2.14)

It is observed from (2.14) that the ux linkage contains information on the rotor position.
Hence, the rotor position can be estimated if the ux linkage is known. The ux linkage
can be obtained by integration of the voltage command and the resistive voltage as given
in (2.15).
z
= u Rs i dt (2.15)

From the parameters listed in tablel.1, it is seen that the PMSM has saliencyl(y 6 L).

Thus, a current vector in the reference frame can not be obtained from (2.14). Thedq
components are dependent on the rotor position, hence thég components are eliminated
by manipulation of the ux linkage equation (2.14) as given in (2.16).

11
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(Ld |d+ mpml Lq |(¥; Lq |?+JLq |q) é €

Added zero term

(Lqg I—q) ig+ mpm + Lg idq d e

=Lq i + de Lq){zid+ mery de (2.16)
;af
The term (Lgy Lg) ig+ mpm IS known as active ux [Boldea et al., 2008]. For the

remainder of this thesis, the active ux is referred to as .5 . The rotor position can be
estimated as (2.19).

Lgi = (Lg Lg) id*+ mpm € ¢ (2.17)

\ ( Lqi )=\é&c¢ (2.18)
Ly i ( —R( Rs i )dt

—tan ! — 4l . - R s | 2.19

¢ L i = (U Rs i)dt (2-19)

From (2.19) it is seen that an estimate of the rotor position is obtained using the ux
linkage
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2.3.1 Closed Loop Flux Observer

The ux linkage can be estimated utilizing a CLFO that compares the ux linkage
based on the measured current and the voltage command. The principle of the CLFO is
illustrated by the block diagram in gure 2.5.

Figure 2.5. Block diagram of the CLFO.

In the voltage-based ux linkage, DC-drift may occur due to the integration. The
advantage of the CLFO is that it suppresses the DC-drift by comparing it to the current-
based ux linkage. The current-based ux linkage is obtained without an integrator, hence
it is not a ected by the drift and can be used as a reference. The error between the current-
based and the voltage-based ux linkage is then assumed to be caused by the DC-drift and
is fed through a PI controller to compensate for the o set.

The PI parameters in the CLFO are designed based on previous experiences in the
laboratory [Christiansen and Clausen, 2022]. The bandwidth of the CLFO Pl is desired to
be approximate 10 % of the rated speed. This implies that the current-based ux linkage is
dominant at low speed range, and the voltage-based ux linkage is dominating at mid-high
speed range. The parameters are determined tky, = 50 and k; = 100.
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2.3.2 Phase-locked Loop

The estimated position in (2.19) can be noisy due to the arctan function, which is
undesirable. To avoid this, a PLL is implemented to suppress high-frequency noise. A
block diagram of the CLFO-PLL position estimator is illustrated in gure 2.6.

Figure 2.6. Block diagram of the position estimator.

The rotor position ¢ obtained from the active ux .5 is fed through the PLL. The PLL
functions as a low-pass lter, such high-frequency noise in the estimate position obtained
from (2.19) are suppressed, and a more smooth position estimation is obtained [Wang
et al., 2017]. Furthermore, an estimation of the rotor speed is obtained from the PLL. The
structure of the PLL is illustrated in gure 2.7.

Figure 2.7. Block diagram of the PLL.

The PLL PI parameters are designed theoretically based on its bandwidth .. To ease the
calculation of the PLL parameters, a linear relationship between the natural frequency
and a desired bandwidth! . is established. The transfer function of a PLL system is given
in (2.20).

Output _ s kp+ Kk

GpLL (s) = nput ~ S+ ke K (2.20)

From (2.20) it is seen that the PLL system is a second order system. By introducing
the structure of a second order system in (2.21) the PLL parameters can be de ned as in
(2.22).

s 2 lp+12
s2+s 2 ln+12
kp=2 'n; ki=w? (2.22)

G(s) = (2.21)

Where is the damping ratio and! , is the natural frequency. Setting the damping ratio
to =1 the parameters in the PLL can be designed as in (2.23).

kp=2 1n; ki=w? (2.23)
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Utilizing (2.23), a linear relationship between the natural frequency! ,, and the bandwidth
I ¢ is established from the bode diagram of the PLL system illustrated in gure 2.8.

Figure 2.8. Bode diagram of the PLL system.

From the bode diagram, the bandwidth is allocated at 3dB. Based on this, a linear
relationship between the natural frequency! , and the bandwidth ! . is established such
that ! ;. =2:48 ! .

The bandwidth of the PLL system is desired to be high to ensure fast dynamics in the
position estimation to avoid phase shift in the transient operation. However, the speed
noise can be signi cant due to high Pl gains. Hence the bandwidth is chosen to be designed
as! ¢ = 500rad=s, which corresponds to parameterk, = 403 and k; = 40648 according
to (2.23).

2.3.3 Validation

The designed CLFO-PLL position estimator is implemented in the control system and
tested in the laboratory setup to examine the performance. A test is performed with the
PMSM run at 1800 rpmwith 2 Nm load applied using the CLFO-PLL position estimator

as feedback for the position and speed. The encoder is only used for comparison of the
position and speed. A step load is applied to the system increasing the load fro@Nm

to 6Nm at time t = 1s. Furthermore, at time t = 4s the load is decreased fron6 Nm to
2Nm. The test is illustrated in gure 2.9.
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Figure 2.9. Speed response and position error with implemented CLFO-PLL position estimator.

It is seen that the estimated speed,, and the real speed! ,, have similar responses.
However, the estimated speed is signi cantly more noisy. When examining the position
error it is seen that the estimated position " is leading the real position ¢ based on the
de nition of the position error in (2.12). The estimated position leads more as the load
is increased to6 Nm. At the time when the load is increased it is seen that the position
error peaks. This implies that the position estimation is not fast enough to detect the real
position in the transient period. The same tendency is seen when the load is decreased to
2Nm again.

This thesis aims to examine the possibility of using adaptive Iters to suppress harmonic
distortion in the estimated position, caused by inverter nonlinearities and spatial ux
harmonics. As described in section 1.1 the Iters are evaluated based on their harmonic
suppression capability and dynamic performance. Thus, minor o set and phase shift
are acceptable as long as the lIters' performance is compared to the performance of the
designed position estimator. Hence, the position estimator is deemed to be su cient for
further use.
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Harmonic analysis

In this chapter, the e ects of the inverter nonlinearities and ux spatial harmonics in
the estimated back-EMF and the estimated position are analyzed. Firstly, the estimated
back-EMF and the position error are analyzed theoretically. Secondly, measured currents,
estimated active ux, and position error are analyzed based on an experimental test
performed with the laboratory setup. The obtained signals from the test are analyzed
using Fast Fourier Transform (FFT) analysis to examine the frequency components of the
respective signals. Lastly, the e ects of current measurement errors are analyzed both
theoretically and veri ed with measurements from experimental tests.

3.1 E ects of harmonic distortion

As described in chapter 1, the inverter nonlinearities and ux spatial harmonics cause
harmonics distortion, which will introduce (6h  1)th order harmonic components in the
estimated back-EMF, whereh = 1;2;3::.. The ux linkage is related to the back-EMF as
expressed in (3.1), hence it is expected that thegh 1)th order harmonic components
will be introduced in the active ux used for position estimation. Figure 3.1 illustrates the
relation between the ux and the back-EMF of the PMSM.

d
e = at 3.1)

Figure 3.1. lllustration of ux and back-EMF relationship.

Using the relation seen in gure 3.1, the ux linkage of the PMSM expressed in the
reference frame is given in (3.2).

= coy ¢)
= sin( e) (3.2)
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To analyze the e ect of the (6h  1)th order harmonic components in the estimated ux
linkage, the estimated ux linkage is written including a fundamental and a harmonic term
as in (3.3).

= f + op (3.3

Where : and |} are denoted as the fundamental and the harmonic component in the
estimated ux linkage, respectively. The estimated ux linkage is expanded to (3.4). For

simplicity, the notation ( (6h 1) !¢ t)is used as composition of (5h) ! t and

(7h) !¢ t.

X
1co!etg+ 6h 1 cos (Bh 1) !¢t
| .
f r {z }
N . X’] .
= |1 s@! e tg+ 6h 1 Sin (6h 1) !¢t (3.4)
f = {z }

h

Where 1, and ¢, 1 are the magnitude of the fundamental and the 6h  1)th order

harmonic components, respectively.

Adopting the principle of a quadrature PLL, the rotor position error is analyzed to examine
the e ects of the harmonic distortion in the estimated ux linkage to the estimated position.

The position error obtained from a quadrature PLL is given in (3.5). Combining (3.5) with

N

e = M t the rotor position error is given as in (3.6).

% sin(e)= " sin(e)+ " cog”e) (3.5)
xn

= 1 8Sin(le P t + 6h 1 SIn (Bh 1) 1o Nyt (3.6)
h=1

Using the approximation of ! ¢ P, the rotor position error becomes (3.7).

X
= 18sin(le M) t + 6h 1 SN (Bh) Ne) t
h=1
hd
+ gh+1 Sin (6h) No) t (3.7)
h=1

From (3.7) it is observed that the (6h 1)th order harmonic components of the estimated
ux linkage a ect the rotor position error. It is seen that the ( 6h)th order harmonic
component is introduced to the rotor position error, hence the estimated position will
likewise contain (6h)th order harmonic uctuations.
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3.2. Harmonic distortion in measurements Aalborg University

3.2 Harmonic distortion in measurements

In this section, measured and estimated signals are analyzed based on tests performed
with the laboratory setup introduced in section 1.2 to examine the harmonic distortion in
the signals. The frequency spectrum of the signals is examined utilizing FFT analysis to
clarify whether the expected harmonic distortion is present. The PMSM is run with the
sensorless FOC designed in chapter 2 during the tests. The PMSM is run &t800 rpm
with 2 Nm load applied using the load motor.

Figure 3.2 illustrates the measured current represented in the reference frame. The
sequence illustrated is arbitrarily chosen from the data obtained from the laboratory test.
Furthermore, the frequency spectrum of the current is illustrated as well.

Figure 3.2. Measured current in the reference frame along with the frequency spectrum
obtained by FFT analysis. The PMSM is run at 1800 rpmwith 2 Nm load.

From the measured  current waveforms it is seen that the current is heavily distorted, as
the measured current deviate from a pure sinusoidal signal. The frequency spectrum shows
that the current contains obvious (6h  1)th order harmonics. As expected, the current
signals are mainly distorted by the @ 1)th order harmonic components. However, the
signal also contains the {2 1)th order harmonic components. The high-order harmonics
have low amplitude, meaning they have a small impact on the signal and are neglected
further.

The analysis in section 3.1 shows how6h 1)th order harmonics are present in the
estimated ux linkage. For position estimation, the concept of active ux is utilized. It
is expected to see the same6f  1)th order harmonics in the estimation of the active
ux. Figure 3.3 illustrates the estimated active ux represented in the reference frame
obtained from the CLFO. Furthermore, the frequency spectrum is illustrated as well.
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Figure 3.3. Estimated active ux in the reference frame along with the frequency spectrum
obtained by FFT analysis. The PMSM is run at 1800 rpmwith 2 Nm load.

As the measured currents are distorted by the §h  1)th order harmonic components it

is expected that the estimated active ux is distorted by these harmonics as well. From
the estimated active ux waveform it is observed that the signal does not appear heavily
distorted, as is the case with the measured current in gure 3.2. However, the estimated
active ux is distorted to some extent. This is also seen from the frequency spectrum,
as 6 1Dth order harmonic components are seen. The inuence of thel2 1)th order
harmonic components and higher are neglected, as the amplitude of the harmonics does not
impact the distortion signi cantly. Thus, only the ( 6 1)th order harmonic components
will be considered in the estimated active ux for the remainder of this thesis.

Figure 3.4 illustrates the position error between the sensorless position estimator and the
encoder. The position error is de ned as in (2.12), where the real rotor position ¢ is
obtained using the encoder. The position error contains an o set and some uctuation
hence, the frequency spectrum is performed for the uctuating part of the position error
for better possibilities to examine the harmonic components in the uctuating part. The
frequency spectrum of the uctuation in the position error is illustrated in the gure as well.
The uctuation in the position error is expected to be dominated by a (6h)th harmonic
component based on the analysis described in section 3.1.
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Figure 3.4. Position error along with the frequency spectrum obtained by FFT analysis. The
PMSM is run at 1800 rpmwith 2 Nm load.

It is seen that the position error has an o set, and some uctuation around the o set
value occurs. It is observed from the illustration of the position error that the uctuation
contains multiple frequencies, hence other frequency components than théh()th harmonic
component are introduced to the position error. This is supported by the frequency
spectrum of the position error uctuation. It is seen that the uctuation contains a
dominant 6th order harmonic component. However, the position error also includes
some low frequency uctuations. As this deviates from the expectations of the cause of
uctuation in the position error, the introduced lower frequency components are examined
in the following section.

3.3 Examination of frequency components

As seen in gure 3.4 the position error contains lower frequency components and is not
only dominated by the (6h)th order harmonic component as expected. Thus, the cause of
the low frequency components in the position error is examined in this section.

The position error and frequency spectrum are a ected by the estimated position signal
and the position obtained from the encoder. Hence, it is desired to examine the estimation
and the encoder signal individually to analyze the cause of the low frequency components
in the position error.

To analyze the frequency spectrum of the signals obtained from the encoder and the
estimator, the speed measurement is used. The speed measurement is used, as this allows
to analyze the variation of the estimation and encoder signal individually. Figure 3.5 shows
the frequency spectrum of the variation in the estimated speed and the encoder speed for
a laboratory test when the PMSM is run with sensorless FOC atl800 rpmwith 2 Nm load.
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Figure 3.5. Frequency spectrum obtained by FFT analysis of the estimated speed and encoder
speed. The PMSM is run sensorless at800 rpm with 2 Nm load.

It is seen that the uctuation in the estimated speed ', is dominated by the corresponding
6th order harmonic component. However, the estimated speed uctuation also contains low
frequency components. It is observed that frequencies corresponding to the fundamental
(1st), 2nd, and 3rd order harmonic components are present in the estimated speed. From
the frequency spectrum of the speed obtained from the encodé,, it is seen that the speed
uctuation has one dominating frequency component along with some noise contribution.

It is observed that the dominating frequency of the uctuation in the encoder speed
corresponds to the mechanical frequency of the rotor. As this frequency is only dominant
in the encoder speed, it is expected to be caused by the encoder or some mechanical
connection with the physical setup. Hence, it is expected that the frequency component
corresponding to the mechanical frequency will be present in the estimated speed if the
encoder is used as feedback in the control loop. Thus, a test is performed with the encoder
used for position and speed feedback with the PMSM run ai800 rpmand 2 Nm load, to
examine whether the encoder signal introduces a frequency component corresponding to
the mechanical frequency in the estimated speed. The frequency spectrum of the estimated
speed and the encoder speed obtained from the test is illustrated in gure 3.6.

22



3.3. Examination of frequency components Aalborg University

Figure 3.6. Frequency spectrum obtained by FFT analysis of the estimated speed and encoder
speed. The PMSM is run with encoder feedback at.800 rpmwith 2 Nm load.

It is seen that when the PMSM is run with encoder feedback, the component corresponding
to the mechanical frequency of the rotor is introduced in the frequency spectrum of the
estimated speed. Based on the two tests with sensorless control and control with encoder
feedback, it is assessed that the introduction of the frequency component corresponding to
the mechanical frequency is caused by mechanical issues with the setup. This is assessed
based on the mechanical frequency component present in the encoder signal and is only
introduced in the estimated speed when the encoder is used as feedback.

It is expected that the same tendencies of present frequencies in the speed are seen in the
rotor position. Comparing the frequency spectrum for the estimated speed and the encoder
speed with the position error in gure 3.4 it is seen that the position error contains the
same frequencies as seen in the speed. The position error will contain the frequencies of
both the estimated position and the encoder position due to the de nition in (2.12). Thus,

the mechanical frequency component is present in the position error due to the encoder
relation.

From gure 3.5 and 3.6 it is further observed that frequency components corresponding
to the fundamental, 2nd and 3rd order harmonic components are present in the estimated
speed. According to Zhang et al. [2021] and Zhang et al. [2022] current measurement
errors may introduce multiple frequency components including 1st and 2nd order harmonic
components. Current measurement errors may occur due to scaling and o set errors
with the current sensors. The e ects of current measurement errors are elaborated in
the following sections:
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O set error

The o set error is mainly caused by zero drift, residual current of the current sensor, and
operational ampli er deviation [Zhang et al., 2021]. The o set error is considered using
the expression in (3.8).

iameas = Im cole t)+ laoffset

. 2

ipmeas = Im cog!le t T) +  lpoffset (3.8)
. _ | 2

icmeas = Im cog!e t+ T) +  lcoffset

Where iameas, ib:meas, aNd ic:meas are the measured currents used in the control structure.
Im is the amplitude of the sinusoidal three-phase currents, and ;.offset » |boffset » and
lcoftset are a DC component of the phase currents, respectively. Utilizing reference frame
transformation to represent the abc currents in the rotating dgreference frame with the
current vector oriented on the g-axis, the dq currents are expressed as in (3.9).

2

I d;offset = 3 laoftset  CO!'e t)+ Ipoftset COY!e 1)
+ Ic;offset COS(! e t)
Igioffset = I'm % laoffset  SIN('e 1)+  Ipoffset SIN(' e t)
+ Ic;offset Sin(! e t) (3-9)

When transformed to the dg-reference frame, the AC component of theabc currents will
appear as a DC component with amplitude corresponding td , in the g-axis current.
The o set current introduce an AC component to both the d- and g-axis current with

a frequency corresponding to the fundamental frequency .. The oscillating dq current
results in torque ripple, which leads to ripples in the rotor speed with the same frequency
as the oscillating dq currents. Hence, the o set error in the current measurement will
introduce a frequency component corresponding to the fundamental frequency of the
electrical rotor speed and thereby also the rotor position.

Scaling error

The output current from the current sensors is adjusted to match the input range of the
analog-to-digital converter, which causes a scaling error in the measured currents [Zhang
et al., 2021]. Considering only the scaling error, the measured current is expressed as
(3.10).

ia;meas =Ka Im cog!e t)

. 2

ibmeas = Kb Im cog!e t ?) (3.10)
. 2

icmeas = Ko Im cog!e t+ T)

Where kg, kp, and k¢ are scaling gains for the three-phase currents, respectively. Typically
the scaling gain of each phase current is di erent from each other due to the di erence
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between the sampling and the adjusting circuits. Due to the scaling error, the three-phase
current measurements are asymmetrical.

Applying the symmetrical component method, the asymmetrical three-phase currents
in (3.10) are decomposed into positive, negative, and zero sequence components. The
decomposed three-phase currents are expressed in (3.11).

I abc;meas = Ip dlelttin ellelsi, (3.11)

Whereip, in, andi, are the positive, negative, and zero sequence components, respectively.
Utilizing reference frame transformation to express the three-phase currents in the rotating
dgreference frame with the current vector oriented on theg-axis, the dq currents are
expressed as in (3.12).

idiscaling = In SIN(2 e 1)

The positive sequence component will appear as a DC component in tlggaxis current. The
negative sequence component, when transformed to thdpreference frame, will introduce
an AC component to the dq currents which oscillate with twice the fundamental frequency.
Hence the scaling error will introduce a frequency component twice the fundamental of the
electrical rotor speed and position.

It is seen that the current measurement error including scaling and o set e ects, that
frequency components corresponding to the fundamental and twice the fundamental
frequency are introduced in thedq currents. The oscillating currents a ect the torque
and rotor speed, which will have ripples corresponding to the same frequency components.
Figure 3.7 illustrates the dq currents and frequency spectrum when the PMSM is run with
sensorless control atLl800 rpm and applying 2 Nm load to the system.

(a) d-axis current (b) g-axis current

Figure 3.7. Waveform and amplitudes in the frequency spectrum of thedq currents. The data
is obtained running the PMSM with sensorless control at1800 rpmwith 2 Nm load
applied to the system.

It is seen that the d-axis current oscillates around zero amplitude, while theg-axis current
oscillates around a DC value of approximately5 A. In the frequency spectrum of both the
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dg currents, components of the 1st and 2nd order harmonics are present. However, it is
further seen that the oscillation of the dq currents is mainly caused by the nonlinearities
of the inverter, as the dominating frequency component corresponds to the 6th order
harmonic component.

Based on the analysis of the e ects of current measurement error, including scaling error
and o set error, the frequency components related to the 1st and 2nd order harmonic
components seen in the estimated rotor speed in gure 3.5 and 3.6 and in the position
error in gure 3.4 are expected to be caused by current measurement errors.

The objective of this thesis is to suppress the dominating 6th order harmonic component in
the estimated position caused by nonlinearities in the inverter and ux spatial harmonics.
It is seen from the test illustrated in gures 3.4, 3.5, and 3.6 that the 6th order harmonic
component is still more dominant. Thus, no further action is made to reduce or remove
the in uence of current measurement errors.
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Complex-coef cient
Synchronous Frequency
Filter

In this chapter, the complex-coe cient synchronous frequency Iter (CCSFF) from Wu
et al. [2022] is presented to lter out the (6 1)th order harmonic component in
the estimated ux to suppress the 6th order component in the estimated position and
speed. Firstly the structure of the CCSFF is presented along with its ltering capability
at the synchronous frequency. Furthermore, the CCSFF combined with the PLL is
Laplace transformed and a transfer function is established to set up design guidelines
for parameters. Secondly, the harmonic suppression capability along with the e ects
of the lter parameter design is examined experimentally using the laboratory setup.
Lastly, is the dynamic performance examined of the control system with the CCSFF.
The performance of the CCSFF is compared to when no ltering is performed. In addition
to this, an adaptive approach to the parameter design is proposed to improve the dynamic
performance when using the CCSFF.

4.1 Filter structure

The presented CCSFF is a complex bandpass lter with unity gain and zero-phase shift
at the synchronous frequency.. According to Wu et al. [2022], the Iter possesses
an adaptive-frequency bandpass- Itering characteristic, removing the harmonics in the
estimated ux and reducing the oscillating error in the estimated position. The lter is
implemented such that the estimated active ux .5 is Itered through the CCSFF
before it is used in the PLL as illustrated in gure 4.1 with z = .4

Figure 4.1. Block diagram of the CLFO-CCSFF-PLL-based position estimation system.

The inputs to the CCSFF are de ned as in (4.1).

z Z cole )+ Zg 1 cod (6 1) ! )
z Z sin(le )+ Zg 1 sin( (6 1) e t) (4.1)

Figure 4.2 illustrates the working principle of the CCSFF system.
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Figure 4.2. Block diagram of the CCSFF system [Wu et al., 2022].

Where z is the active ux containing harmonic distortion, 2 is the Itered ux
which ideally only contains the fundamental frequency,” is the error signal between
the estimated ux z and the ltered ux 2 , k is the damping factor, sin”s) and
cog ") determines the synchronous frequency. of the desired fundamental signal, hence

N

e="¢ t. W s a variable used to derive the method.

It can be proven that the Iter does not change the magnitude and no phase shift occurs
at the synchronous frequency*e. From (4.2) to (4.9) the transfer function of the CCSFF
is derived [Wu et al., 2022]. In gure 4.2 it is seen that the CCSSF output signals can be
expressed as in (4.2).

w cogfe t) w sin(Me t)
2 =w sin(Me t)+w coqPe t) 4.2)
By di erentiating (4.2) with respect to time (4.3) is given.
2 =w cofe t) w sin(Mteg t) Pe w sin(Me t)+w  cogle t)
2 =w sin(fe t) w codPfe )+ w cogPe t) w sin(Me t) (4.3)
From gure 4.2, the derivative of ! and! can be expressed as in (4.4).

w =k " coqfte t)+ " sin(Pe t)

w =Kk "oosin(Me )+ " cogle 1) (4.4)

From gure 4.2, " and" are expressed as in (4.5).

"=z 2; "=z 2 (4.5)
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Based on (4.4) and (4.5), (4.3) can be simpli ed to (4.6).

2= P w sinfe )+w codPfe t). k (2 2z)
| 1;2 }
2 =2 w coPfe t) w sinte t). k (2 2z) (4.6)
I {z }

2

Applying the Laplace transform to (4.6), the expression can be written as in (4.7)

(st k) 2(s)=k z(s) M 2 (s)
(s+k) 2(s)=k z(s)+%*e 2 (9) 4.7)

By de ning (4.8), the transfer function of the CCSFF is obtained in (4.9)

z (9)=z(9)t] z(s);y 2 (=2 (9)+] 2(9) (4.8)

k

s ] reTK (4.9)

2
Geesrr () = 27(5) =
The bode diagram of 4.9 is illustrated in gure 4.3, for di erent k values. The synchronous
frequency ¢ is set to 500 rad-s.

Figure 4.3. Bode diagram of the CCSFF for various values of k with*, = 500 rad=s .

From the bode diagram of the CCSFF in gure 4.3 it is seen that it provides the
characteristic of a bandpass Iter at the synchronous frequencye and can pass the
fundamental component without magnitude attenuation and phase delay. The magnitude
at the synchronous frequency is also given in (4.10). Hende = * .

2 G ) _ ok _
2 G D, Pt @19

e
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Furthermore, it is seen that the CCSFF's ability to suppress the harmonic components is
strictly related to the damping factor k. This is also given in (4.11) where the magnitude
of the (6 1)th harmonics are used for calculation.

2 () k

> 7 = p = 4.11
z (") = (6 Pe F( 6"e)? + k2 ( )

According to (4.11), determines the harmonic suppression capability. It is seen that the
harmonic suppression can be improved by decreasing which implies that the damping
factor should be low, depending on the desired lItering performance.

Therefore, the output from the CCSFF can be expressed as in (4.12) if is assumed to be
small ( 0).

2 2 coqPe )+ Zg i cod (6 1) Pet) 2 coqPe t)
2 2 sin(Me )+ Zg 1 sin( 6 1) Pet) 2 sin(Pe t) (4.12)

According to (4.12) the CCSFF eliminates the harmonics and passes the fundamental
component if k is designed properly such that 0. The lter is tested on the system
illustrated in gure 4.1. For simplicity, the CLFO is disregarded and a distorted waveform
containing (6 1)th order harmonic components as expressed in (4.1) is used as input to
the CCSFF. The magnitude of the fundamental, 5th, and 7th order harmonic components
used inthe testsareZ =1, Zg, =0:2, and Z7, = 0:1, respectively. The CCSFF is tested
for di erent k values when! , =900rpm. The feedback”s used in the CCSFF is xed at
the same frequency of the input signal, hencé = * . The result is illustrated in gure
4.4,

Figure 4.4. Filtering capability of the CCSFF with . used as feedback.

From the active ux waveform, it is seen that the CCSFF starts to track the frequency
of the input signal as it is enabled. Furthermore, it is seen that by lowering the damping
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factor k, the Itering capability can be improved. This is further seen in the estimated
speed as the oscillations are decreased. However, it is also seen that khealue a ects the
settling time of the CCSFF. When k =5 the settling time of the CCSFF is slow. However,
over time the CCSFF will track the fundamental component of the input signal.

In gure 4.4 the feedback % is xed at the same frequency as the input signal. To make
the CCSFF frequency adaptive, the frequency of the feedback signdk should change if
the input signal does. In real application, the frequency is expected to change as the motor
is run at di erent speeds which will change the frequency of the input signal. To cope with
this, the estimated position from the PLL can advantageously be used as feedback in the
CCSFF system as the real frequency of the input signaZ  may not be available. The
same test as in gure 4.4 is performed while using the estimated position from the PLL as
feedback. The results are illustrated in gure 4.5.

Figure 4.5. Filtering capability of the CCSFF with estimated position " used as feedback.

From the tests it is seen that using the estimated position as feedback, the estimated
position and speed are not estimated properly fok =5 and k = 50. It is noticed that the
system becomes unstable. This is due to the settling time of the CCSFF response which
is slow whenk is designed too small. When the response of the CCSFF is too slow, the
PLL cannot estimate the position properly. As the CCSFF uses the estimated position as
feedback, it cannot run. Thus, the settling time should be considered when designing the
CCSFF, as the estimated position’\e is obtained from the PLL and used as feedback in
the CCSFF. Hence, proper parameters in the CCSFF and PLL are essential to suppress
the harmonic components and ensure a precise position estimation.

The CCSFF-PLL system is linearized to analyze the dynamic interaction between the
CCSFF and PLL to ensure precise harmonic suppression and precise position estimation.
The input and output signal in the CCSFF can be derived as in (4.13) according to gure
4.2.
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Z coq ¢); z
72 coq o), 2

Z sin( ¢)
7 sin( o) (4.13)

The angle ¢ is obtained utilizing arctangent as in (4.14).
2
e = arctan - (4.14)

The time derivative of (4.14) is given in (4.15).

d
E = —2 % z % (4.15)
dt (2 )2+(2)? '
The time derivative of 2 is given in (4.16) by rearranging (4.7) and applying the inverse
Laplace transform.

ddit: he 2 +k (z 2)
ddzt:’!‘e2+k(z 2) (4.16)

By substituting (4.16) into (4.15), (4.17) is given.

_ +k(z 2z 2)
dt ¢ (2 )2+ (2 )2

(4.17)

By substituting the input and output signals in (4.13), (4.17) is simpli ed to (4.18).

de

decnerk 2 sin(e o (4.18)

z
By introducing (4.19), (4.18) is simpli ed to (4.20).
e o 2 2 (4.19)

de
dt

Based on (4.20), a transfer function for the CCSFF system can be established as in (4.21).

=ret+ k(e o) (4.20)

A
e_ 1 k ets "¢

Geesrr(s)= — = — Tev k (4.21)
e

@

The transfer function for the whole CCSFF-PLL system can be derived as in (4.23), based
on the transfer function for the CCSFF and PLL in (4.21) and (4.22), respectively.

AN

_ j _ S kp + k|
GpLL (S) - R - 2+ s kp + ki (422)
N N
_ e e _ e _ S k kp + k k|
Gls) = e e - e © 3+s52 k+s k kp + k k (4.23)

The system is illustrated in gure 4.6.
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Figure 4.6. Block diagram of the linearized CCSFF-PLL system.

With the established transfer function it can simultaneously be proven that the system
adds no phase shift to the rotor position in steady state utilizing the nal value theorem.
For a normal PLL type Iter there is no phase shift in steady state [Wang et al., 2017].
The same calculations as in [Wang et al., 2017] is derived for the CCSFF-PLL system.
The error can be de ned as in (4.24) using the de nition given in (2.12).

e(s)=(G(s) 1) efs) (4.24)

For a ramp input, ¢ can be written as ¢ = a t wherea is the slope of . The error of
the CCSFF-PLL system converges as in (4.25).

im % =lim s %(s)=lm s (G(s) 1) —
sl 0 sl 0

til 52
. s k kp+ k k a
IS iR ks k ktk k&
s a (k+5s)

= lim =0 4.25

a0 s3+(s?+s kpt+ ki) k (4.25)
From (4.25) it is seen that the error converges to zero for a ramp input, hence no phase
shift is added to the estimated position at steady state.

Utilizing the Pl parameters k, = 403 and k;j = 40648 for the PLL obtained in section
2.3.2, the e ects of the damping factor gaink on the CCSFF-PLL system are analyzed.
In gure 4.7 a pole/zero map of the CCSFF-PLL system is illustrated when the damping
factor gain k is varied.
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Figure 4.7. Pole/zero map of the CCSFF-PLL system for di erent k values.

It is seen that the placement of the zero is not a ected by the value ok, as for all analyzed
values ofk the zero is placed at approximately -101. It is observed that the complex set
of poles enters the right half plane wherk is decreased. This means that the CCSFF-PLL
becomes unstable if the damping factok is chosen too low. This also appears in the test
illustrated in gure 4.5 where only the CCSFF-PLL with k =500 are capable of estimating
the position.

In the previous analysis, it is mentioned that the k gain should be designed with a low
value to obtain su cient harmonic suppression capability. However, the pole/zero map in
gure 4.7 and the results in gure 4.5 shows that the minimum value ofk is limited to
ensure a stable system. Hence it is desired to examine whether a design approach can be
used to determine the CCSFF-PLL parameters.

From (4.23) and gure 4.6 it is seen that the CCSFF-PLL system is a third order system.
By introducing the structure of a third order system in (4.26), the parameters can be
de ned as in (4.27).

s 12 @2 +1)+13
s8+s2 1, (2 +1)+s!2 (2 +1)+1!3
k=2 +1) 'n; k kp=(2 +1) 12 Kk k=13 (4.27)

G(s) = (4.26)

Where is the damping ratio and ! , is the natural frequency. Setting the damping ratio
to =1 the parameters in the CCSFF-PLL can be designed as in (4.28).

1 2

= (4.28)
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A linear relationship between the natural frequency! , and the bandwidth ! ¢ is established
to determine the parameters in (4.28). Figure 4.8 illustrates the bode diagram o&(s) in
(4.26) for dierent ! .

Figure 4.8. Bode diagram of the CCSFF-PLL system.

From the bode diagram, the bandwidth is allocated at 3dB. Based on this, a linear
relationship between the natural frequency! , and the bandwidth ! ¢ is established such
that ! . = 1:64 ! ,. From the bode diagram, it is seen that by increasing the natural
frequency ! ,, the CCSSF-PLL bandwidth is increased which improves the transient
response but degrades the ltering capability. Thus, the CCSFF should be designed such
that the natural frequency gives the desired bandwidth. It is revealed in section 3.1 that
the dominant position harmonic frequency is6 ! ¢. Thus, the CCSFF-PLL is designed to
have a bandwidth less than the 6th harmonic frequency to ensure harmonic suppression
capability, hence! ; < 6 !.

To evaluate the parameter design of the CCSFF-PLL's e ects on the harmonic suppression
capability and the dynamic performance, two systems are designed with bandwidth

I . =250rad=sand ! ; = 500rad=s. The CCSFF-PLL parameters are calculated utilizing
(4.28) and are listed in table 4.1. To evaluate the performance using the respective designed
CCSFFs, two PLL systems are designed with similar bandwidths for comparison. The PLL
parameters are calculated utilizing (2.23) and are listed in table 4.1.

Position estimator  kp Ki k ! [rad/s]
CCSFF 1 152 7746 457 250
CCSFF 2 305 30984 915 500

PLL 1 202 10162 - 250
PLL 2 403 40648 - 500

Table 4.1. CCSFF-PLL and PLL parameters.

Based on the designed systems the expected ltering capability can be shown utilizing the
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derived transfer functions for the PLL and CCSFF-PLL in (4.22) and (4.23) respectively.
Figure 4.9 illustrates the magnitude plot for the systems listed in table 4.1. The
corresponding frequency of the 6th order harmonic is indicated wheh,, = 360 rpm and
I'm = 1800rpm as the designed systems is analyzed through experimental tests at these
speeds in section 4.3.

Figure 4.9. Magnitude plot of the PLL and CCSFF-PLL listed in table 4.1.

From the magnitude plot, the expected attenuation of the 6th order harmonic performed
by the CCSFF relative to the PLL is obtained. It is seen, that when the PMSM is run at
360 rpm, only a small di erence is seen between PLL 2 and CCSFF 2. Thus, the harmonic
suppression capability of the CCSFF 2 at this speed is not su cient. However, as the
speed is increased the harmonic suppression of the CCSFF 2 is improved compared to
PLL 2. The ratio of the magnitude between CCSFF 1 and PLL 1 is larger, compared to
CCSFF 2 and PLL 2. Thus, the CCSFF 1 ensures better harmonic suppression capability.

4.2 Harmonic supression capability

The harmonic suppression capability of the CCSFF is validated by examining the estimated
active ux input to the CCSFF and the output active ux from the CCSFF. The input
and output active ux is illustrated in gure 4.10 along with the frequency spectrum
obtained from FFT analysis of the active ux. The test is performed with the PMSM run
at 1800 rpmwith 2 Nm load applied using the CCSFF 1 from table 4.1.
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(@) Input active ux to CCSFF. (b) Output active ux from CCSFF.

Figure 4.10. active ux and the frequency spectrum of the input and output of the Iter
using the CCSFF 1. The PMSM is run at 1800 rpmwith 2 Nm load applied.

From gure 4.10(a) it is seen, that the active ux waveform of the input to the CCSFF is
distorted. The frequency spectrum of the active ux shows, that the distortion is caused
mainly by the (6 1th order harmonic components. Figure 4.10(b) shows that the active
ux waveform of the output of the CCSFF becomes more sinusoidal. From the frequency
spectrum, it is further seen that the amplitude of the (6 1)th order harmonic components
are reduced signi cantly, leading to a more sinusoidal waveform. This indicates that the
proposed CCSFF provides ne harmonic suppression capabilities.

The harmonic suppression capabilities are further analyzed by examining the estimated
position and the position error. The estimated position and position error obtained using
CCSFF 1 and CCSFF 2 are compared to analyze the e ect of the parameter design.
Figures 4.11 and 4.12 illustrates the electrical rotor position and the position error when
the PMSM is run at 360 rpm and 1800 rpm, respectively. The tests are performed with
2Nm load applied to the system.

(a) CCSFF 1. (b) CCSFF 2.

Figure 4.11. Electrical rotor position and the position error when the PMSM is run at 360 rpm
with 2 Nm load.
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(@) CCSFF 1. (b) CCSFF 2.

Figure 4.12. Electrical rotor position and the position error when the PMSM is run at
1800 rpmwith 2 Nm load.

When the PMSM is run at 360 rpm, obvious 6th order harmonic ripples are seen in the
position error when using either CCSFF 1 or CCSFF 2, as seen in gure 4.11. However,
it is seen, that the 6th order harmonic ripples in the position error are less signi cant
when using the CCSFF 1 parameters. When the PMSM is run atl800rpm it is seen
from 4.12 that the 6th order harmonic ripples are removed using either of the CCSFF-PLL
designs from table 4.1. From the position error, there seems no di erence using either of
the CCSFF-PLL designs.

The harmonic suppression capability of the two designed CCSFFs seen in gures 4.11 and
4.12 is consistent with the observations seen from the magnitude plot illustrated in gure
4.9. The bandwidth of the CCSFF 1 is smaller than the CCSFF 2 as described in section
4.1. Thus, it is expected that the harmonic suppression capability is better using the
CCSFF 1 rather than the CCSFF 2. However, using the CCSFF 1 when the PMSM is run
at 360rpm, the 6th order harmonic component is not completely removed. As the speed
increases, the two designed CCSFF-PLL systems seem to have comparable suppression
capabilities as seen from gure 4.12. When the PMSM is run atl800 rpm both designed
CCSFF-PLL system provide su cient suppression of the 6th order harmonic component.

Based on the analysis of the estimated active ux and the position error, it is seen that
the CCSFF method is able to detect and suppress the harmonic distortion caused by the
inverter nonlinearities and spatial ux harmonics as intended. The parameter design and
particularly the bandwidth of the Iter highly a ects the harmonic suppression capability.
Operating the PMSM at a lower speed range, the CCSFF-PLL must be designed with low
bandwidth to suppress the 6th order harmonic component in the estimated rotor position.
However, in the higher speed range, the bandwidth can be designed higher as the frequency
of the 6th order harmonic component increases as well. The dynamic performance using
the CCSFF method along with the e ects of the parameter design is further elaborated in
the following section.
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4.3 Performance evaluation

As the principal of the CCSFF method and the functionality is validated in the previous
section, the CCSFFs listed in table 4.1 are tested with the laboratory setup at di erent
conditions to analyze dynamic performance along with further analysis of the harmonic
suppression capability. To elaborate on whether the dynamic performance is a ected by
the CCSFF, tests are performed using PLLs which are designed with the same bandwidth
as the CCSFF-PLL systems in table 4.1. The parameters of the designed PLLs are listed
in table 4.1 as well.

The dynamic performance is examined by accelerating the PMSM fromB00rpm to
1800rpm Figure 4.13 illustrates the estimated rotor speed and the position error for
tests using the designed PLLs and CCSFFs listed in table 4.1. The tests are performed
with 2 Nm load applied to the system.

Figure 4.13. Estiamted rotor speed and position error for tests using the PLL 1, CCSFF 1,
PLL 2, and CCSFF 2 listed in table 4.1 when the PMSM is accelerated.

It is seen, that the estimated speed for all tests is similar. From the tests it is seen, that
the position error at time 0 t 1 is less using the CCSFF method compared to using
only PLL with same bandwidth. When the speed is1800rpm at time 2 t 3 the
position error for all test are more similar. When the PMSM is accelerated, the response
of the position error for tests with PLL 2 and CCSFF 2 are similar. For the PLL 1 and
CCSFF 1 it is seen, that when the speed starts to accelerate, the position error drops
before it is stabilized when the speed reaches steady state. This indicates a delay in
the position estimator, as the estimated position does not follow the real speed as the
speed is accelerated. The PLL 1 and CCSFF 1 have lower bandwidth, hence the dynamic
performance is expected to be di erent from PLL 2 and CCSFF 2.

The dynamic performance is further examined by exposing the system to a sudden load
change. Tests are performed with sensorless control with a speed reference3@0 rpm with
2Nm load applied using the load motor. During the tests, a step load is applied increasing
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