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Abstract

This thesis presents the modeling, analysis, design and experimental validation of a robt
sensorless control method for permanent magnet synchronous motor (PMSM) based

Extended Kalman Filter (EKF) to accurately estimate speed and rotor position.

Currently, there is no robust position/speed sensorless control method available for t
permanent magnet synchronous motor (PMSM) in the published literature. Traditional
commercial off-the-shelf simulation models for PMSM do not incorporate initial rol
position and simplified steady-state based modeling of the associated power electror
circuitry and controls are used. These limitations have prevented the development a
application of a robust. real-time sensorless control method with good dynan

performance over the full speed range for the PMSM.

The Main focus of this thesis is to overcome these limitations. In particular, a detail

real-time PMSM model in MATLAB/Simulink simulation environment is develor

which is used to validate the EKF sensorless control method by varying the init
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position of the rotor. The proposed position/speed sensorless control based on EKF
method along with all the power electronic circuitry are modeled in this simulation
environment. This user-friendly simulation and rapid-prototyping platform is then
effectively used to predict, analyse, fine-tune and validate proper operation of the
proposed EKF sensorlesé control method for all operating conditions. In particular,
different control strategies are reviewed and the performance of the proposed EKF
sensorless control method is critically assessed and validated for different types of
dynamic and static torque loads. The robustness of the proposed EKF sensorless method
is demonstrated by validating proper operation of the closed-loop motor control system
for different rotor initial positions and insensitivity of the EKF speed/position estimation
method to the PMSM parameter variations. Proper operation of the proposed EKF based
sensorless control method for a high speed permanent magnet synchronous machine is

verified experimentally in the lab at Honeywell.
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Chapter 1

Introduction

This thesis presents the modeling, analysis, design and experimental validation of a robust
sesorless control method for permanent magnet synchronous motor (PMSM) based on

Extended Kalman Filter (EKF) to accurately estimate speed and rotor position.

The permanent magnet synchronous motor is an ideal candidate for high-performance
industrial drives since it features simple structure, high energy efficiency, reliable
operation and high power density. In most PMSM drive systems on the market, closed-loop
control is based on the measurement of motor speed or position by using a shaft sensor
such as optical encoder, Hall effect sensor or resolver. The use of such sensors will increase
the complexity and weight of the system, significantly increase cost and reduce the overall
reliability of the controlled drive system. In some applications, due to harsh operating
environments or excessive wire lengths, it is either impossible or impractical to bring the
actual sensed speed/position signals from the load to the controller. Speed/position
sensorless control of motor drive systems significantly reduces the system complexity,
weight and cost and improves the overall system reliability and dynamic performance.
These significant benefits have prompted the research and technology development of
robust speed/position senseless control schemes for the PMSM and other types of motor
controlled drive systems such as induction motors [1, 2], brushless DC motors [3, 4] and

switched reluctance motors [3, 6].

In Section 1.1, the published literature and state-of-the-art for sensorless control of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



permanent magnet synchronous machine will be critically reviewed, and it will be shown
. - that currently there is no robust position/speed sensorless control method available for the
PMSM. Both control schemes with and without sensors are briefly discussed, and their
. advantages, disadvantages and existing limitations are critically reviewed and assessed,
Section 1.2 provides a summary of these limitations and problems associated with the
existing sensorless control methods for the PMSM,

Section 1.3 presents the main objectives of the thesis, and

Section 1.4 provides a brief outline of the thesis.

1.1 Technical Background for the Control of PMSM

Many different control algorithms have been studied and reported in the literature for the
speed and torque control of the PMSM [7-10, 14-28]. Iﬁ the conventional PMSM drive
systems, speed and torque control is achieved by obtaining the rotor position or speed
information through shaft sensors such as optical encoders, Hall-Effect sensors or resolvers.
Figure 1-1 shows a typical block diagram of a PMSM controlled drive system with a shaft
sensor. In controlled drive systems, terminal variables of the motor, such as.voltages and
currents, are time-varying. To acquire an effective contrbl; standard frame transformations
(e.g., abc-to-dq) of the motor electrical variables and parameters are used to convert the
time-varying system into a time-invariant one. In Figure 1-1, the controlled system
generates a cuirent reference from the difference between the speed reference and the
measured speed. The two projected components of the reference current on d and g axis,
called I, and Iq*, are compared to the dg components of the measured three-phase currents,

respectively. The errors between them produce the control variables V; and V,. These
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control components are transformed bacx into the stator (abc) frame, using a dg-to-abc
frame transformation, to obtain a three-phase voltage reference values which is then fed to
the PWM Generator that produces the Pulse Width Modulating (PWM) signals for the
Inverter. Finally, the output voitages of the three-phase inverter are applied to drive the

PMSM.

Figure 1-2 presents a typical block diagram of a sensorless PMSM. The main difference
between the controls with and without the shaft sensor is that in the sensorless method, a
Speed and Position Estimation block is used instead of the shaft sensor to obtain the
position and speed information. Hence tiie shaft sensor of the PMSM is eliminated. In the
sensorless control procedure, the estimated information is calculated from the terminal
voltages and currents. The estimated speed is used for speed control. The estimated
position is applied in transforming the measured currents from the abc frame to the dg
frame to obtain control components and converting the control voltages from the dg frame

back to the abc frame to drive the motor.

Three estimation methods for the Speed and Position Estimation block have been reported
in the literature. These are briefly discussed and their technical problems/limitations are

assessed and summarized below:

Method 1: The rotor position information is determined by directly measuring the motor
terminal voltages and line currents with the aim of estimating the flux-linkages [7]. Figure
1-3 shows the diagram of this method inside the Speed and Position Estimation block in
Figure 1-2. Two current loops are utilized in this algorithm. The outer current loop is used
to correct the initial estimated position. The inner current loop corrects and updates the
flux-linkage using the latest predicted rotor position. At each time step, based on the

previous predicted position and flux-linkage, the motor line current is estimated for the
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outer loop control. The error between the measured current and the estimated outer loop
current is used to predict the present position, which provides the required position and
speed information for the sensorless control. At the same time, using this predicted present
position and the previous flux-linkage, the line current is estimated for inner loop control.
From the error between the measured line current and the estimated inner loop current, the
variation of the flux-linkage is acquired. This information is then used to correct the
flux-linkage and is further used to predict the rotor position for the next time step. Although
this algorithm can be applied for both Brushless DC Motors (BLDCM) and the PMSM, the
performance of this algorithm depends on the quality and accuracy of the estimated
flux-linkages and measured values of machine voltages and currents. System harmonics
and noise, machine parameter variations due to the temperature changes and magnetic
saturation will significantly influence the accuracy of the rotor position estimation and may

degrade the performance of the machine.

Method 2: Observer-based methods for control of different systems have been reported in
literature [8-10, 13]. The state observer is a mathematical model that is running in parallel
to the actual system and provides the estimation of the system state vectors, including the
rotor position and speed, by on-line calculations [Appendix A]. Hence the PMSM rotor
position information can be estimated through a state observer [8-10]. Figure 1-4 shows the
block diagram of a Luenberger observer. The Input u of the system is the control vector, the
Output y is the measurement vector and the State x is the state vector. Position and speed
are included in state vector. The estimated information is applied to realize the sensorless
control. The output of the Luenberger state observer is defined as a combination of
different states, and this output is compared with the equivalent measured output of the
actual motor. Any error between them is used to correct the state trajectory of the observer.
However, the stability of the observer is important in providing accurate position

information. Loss of the observer stability would cause erratic and destructive motor
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operation. In order to keep the controlled system stable, the gain in the observer has to be
optimized. Determination of the optimum gain of‘ the observer under all operating
conditions will lead to practical difficulties and limitations. Moreover, initial states are
required for proper convergence of the observer. Due to these shortcomings, the state
observer method has not been widely accepted and applied for the sensorless control of the

PMSM.

Method 3: The Extended Kalman Filter (EKF) is reported [11-21] and used to perform
state observer based control of the PMSM that is a nonlinear controlled drive system.
Figure 1-5 shows the block diagram of an EKF estimator. A mathematical model
describing the PMSM motor dynamics is derived and the rotor position is determined by
directly measuring the terminal voltages and currents of the PMSM. Since the controlled
system is time-varying and nonlinear, the measured voltages and currents are transformed
into time-invariant components and the nonlinear system is linearized around the present
operating point. The unknown state variables (rotor speed and position) are estimated
through the EKF method. Studies on estimating rotor position and speed of the PMSM by
the EKF algorithm have been reported [14-21]. However, practical implementation of this
method has not been reported due to the following limitations:
® Formulation of the EKF model in closed form not available,
® A detailed dynamic model for the PMSM including initial rotor position not
available,
® Discrete time ordel of the overall controlled system and details of implementation
not available,
® Initial speed/position convergence problems reported and complex methods for
correcting the initial flux required for proper operation to prevent stability problems,
and

® To overcome stall condition at start-up, a current pulse injection required at the
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beginning.

1.2 Existing Challenges for Sensorless Control of the PMSM

A critical review and assessment of existing speed/position sensorless control methods for

the PMSM was presented in Section 1.1. In summary, the presently available sensorless

methods for the PMSM suffer from one or more of the following problems or limitations:

Direct terminal voltage/current and/or frequency measurement require complex
filtering which makes the implementation complex and difficult to tune [7].
Sensorless control method not robust due to the fact that significant speed/position
error is caused by machine parameter variations such as temperature, rotor magnet
strength and saturation (8, 9].

Due to the inaccuracy of position/speed and consequently flux estimation at start-up
and low speeds, some form of open loop operation is commonly required for an
extended period of time initially to either establish speed/back EMF or align the
rotor position [22].

Some observer-based methods use fairly complex math and matrix algebra and their
implementation requires advanced digital signal processors with extremely high
throughputs that are not practical [23, 24].

High frequency injection methods are not practical and consequently not applicable
at high speed PMSM operation [25].

Due to inherent inaccuracies in the estimation of the speed/position information,
most of the existing methods would require a very high sampling rate and

consequently a high switching frequency for the controlled power electronic devices.
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This significantly increases the thermal management requirements of all the
power-pass components (i.e., IGBTs, filters, DC link capacitors, etc.) and adds to the

overall system weight and cost and adversely impacts reliability.

The above summary of the published literature and assessment of their limitations reveal
that currently there is no robust position/seed sensorless control method readily available
for the permanent magnet synchronous machine. Furthermore, most studies are only
experimental. Commercial off-the-shelf simulation models for the PMSM (such as
MATLAB/Simulink), which have recently become available, do not incorporate initial
rotor position and simplified steady-state based modeling of the associated power
electronic circuitry and controls are used. These limitations have prevented the
development and application of a robust real-time sensorless control method with good

dynamic performance over the full speed range for the PMSM

Even though the Extended Kalman Filter (EKF) is reported [14-21] and used to perform
state observer based control of the PMSM drive system, practical implementation has not
been reported due to the following technical problems or limitations:
® Formulation of the EKF model in closed form not available.
® A detailed dynamic model for the PMSM including initial rotor position not
available.
® Discrete time model of the overall controlled system and details of power electronics
circuitry and implementation not available.
® Initial speed/position convergence problems reported and complex methods for
correcting the initial flux required for proper operation to prevent stability problems.
® To overcome stall condition at start-up, a current pulse injection algorithm is
required which needs significant time to adjust and verify for different types of loads

ana different machines with varying parameters.

10
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® Proper performance and robustness of the reported EKF method not studied for all

operation conditions and different types of loads.

1.3 Thesis Objectives

Due to the technical problems or limitations presented in section 1.2, the main focus of the
present thesis is to solve the existing problems and overcome the present limitations so as
to develop a robust sensorless control method for the full speed range operation of the
PMSM. The main objectives of the thesis are to:

@ Develop a detailed real-time PMSM model in MATLAB/Simulink simulation
environment that can be used to validate the EKF sensorless control method by
varying the initial position of the rotor.

® Develop and formulate a user-friendly and robust EKF model in closed-form with
the main objective of achieving fast simulations for tuning the parameters and
validating proper operation of the EKF-based sensorless method.

® Model the PMSM position/speed sensorless control based on EKF method along
with all the power electronic circuitry in an integrated simulation environment that
can be effectively used to predict, analyze, fine-tune and validate proper operation of
the proposed method for all operating conditions.

® Validate the performance of the proposed EKF sensorless control method for
different types of dynamic and static torque loads by simulation.

® Demonstrate the robustness of the proposed EKF sensorless control method to the

PMSM electrical parameter variations by simulation.

11
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® Verify the proper operation of the proposed closed-loop sensorless control system
for different rotor initial positions by simulation.

® Experimentally verify selected predicted results obtained by simulation for certain
operating conditions that can practically be tested on the actual system prototype in

the laboratory.

1.4 Outline of the Thesis

This thesis consists of five chapters. A critical review and assessment of the literature and
advantages and limitations of the existing PMSM control methods, along with the

objectives of the thesis are presented in the first chapter.

Chapter 2 presents the details of the theoretical background and formulation of the discrete
Kalman filter and EKF theory. A detailed real-time PMSM model in MATLAB/Simulink
simulation environment is developed in which the user can arbitrarily set the rotor initial
position. An integrated Simulink-based EKF model for the PMSM along with all the
power electronic circuitry modeled in the same simulation environment is developed to
effectively predict, analyze, fine-tune and validate proper operation of the proposed EKF

sensorless method for all operating conditions.

Chapter 3 presents the predicted results obtained through computer simulations of the
proposed PMSM EKF sensorless control. Proper operation for-different rotor initial
positions and different types of dynamic and static torque loads are presented. The

robustness of the control method is assessed and confirmed by studying the effect of
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variations in electric parameters of the PMSM. .In particular, this chapter presents practical
control techniques which eliminate the traditional complex methods for correcting the flux
variation required for proper operation of the PMSM controlled drive system. It will be
shown that the propésed EKF-based control method can effectively prevent stability
problems by correctly predicting the initial speed/position. Traditional convergence
problems are eliminated and there is no need for a current pulse injection at the beginning

of start-up to avoid stall condition.

Chapter 4 presents the experimental verification of selected predicted results that were
obtained through computer simulations from Chapter 3. The experimental set-up
configuration (both hardware and software platform) is described in detail. The details of
the dSPACE integrated hardware/software environment that is used for the implementation
of the proposed EKF sensorless control method is presented. This experimental set-up is
used to obtain and verify selected predicted results obtained by computer simulations, for

certain operating points where practical.

Chapter 5 summarizes the conclusions and the future research recommendations.

13
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Chapter 2

Modeling of PMSM EKF
Sensorless Control

This chapter presents the detailed modeling and formulation of permanent magnet
synéhronous motor (PMSM) drive without using speed or position sensors. The
theoretical background on the extended Kalman filter (EKF) for rotor speed and position
estimation is introduced. A dynamic model for the PMSM with the ability of presetting
the initial rotor position is developed. Three control strategies for the PMSM are
discussed, and the most promising omne is identified. Finally, a Simulink based

multi-tasking control diagram for the sensorless PMSM drive system is developed.

The contents of this chapter are arranged as follows:

Section 2.1 presents the basics of the discrete Kalman filter,

Section 2.2 provides the fundamentals of the extended Kalman filter,

Section 2.3 introduces the reference frame transformations,

Section 2.4 presents the PMSM simulation model,

Section 2.5 focuses on PMSM control algorithms,

Section 2.6 designs the Simulink diagrams for the PMSM control with sensors,
Section 2.7 deals with modeling of EKF algorithm for PMSM speed control,

Section 2.8 designs the Simulink diagrams for the PMSM EKF sensorless control, and

Section 2.9 concludes Chapter 2.

15
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2.1 The Discrete Kaiman Filter

In this section, the basics of the discrete Kalman filter are introduced. In 1960, R.E.
Kalman published his famous paper describing a recursive solution to the discrete linear
filtering problem. However, the applications of this method in real—tirhe motor control
were limited by the computing speed of the controller due to its complex matrix
calculations till a decade ago. Due to the advances of digital computing technique,

Kalman filter has been researched in motor control area in recent years.

The Kalman filter presents the general problem of trying to estimate the statesxe R” of

a discrete-time controlled process that is dominated by the linear stochastic difference
equation:
x, =Ax,_,+Bu, +o,, , @20
with a measurement y& R”,
y, =Hx, +p, (2.2)
where 0, and p, are noise matrices,
A, B and H are relation matrices, and
u, 1is the control vector.
The random variables o, and p, represent the process (system) and measurement

noise, which are assumed to be independent, white and with normal probability

distributions. The covariance matrices of these noises are defined as:

Q=Elc-c"1, (2.3)

R=E[p-pT]. . 2.4)

The above noise covariance matrices might change with each time step or measurement.

16
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However, conside i+:2 the noises of the actual motor control systems are continuous,
independent and white Caussian ones with unchanged distributions, Q and R are assumed

to be constant in this thesis.

The nXn matrix A in the equation (2.1) relates the state at the previous time step k-1 to

the state at the current step %, in the absence of either a control function (Bu , ) Or process

noise (o,_,). The nx! matrix B relates the control input ue R' to the state x. The

mXn matrix H in the measurement equation (2.2) describes the relationships between

the state x and the measurement yy.

Define X, to be a priori state estimation at step £ given knowledge of the process prior

to step k, and X, to be a posteriori state estimation at step & given measurement y, .

‘Then the estimation errors of a priori and a posieriorj. are defined as:
or=x, — %0, (2.5)
e, =Xy = X - ' (2.6)
Thus the covariances of the priori and posteriori estimation errors are:
P =Ele; -ef 1, 2.7)

P, =Ele, e, 1- : (2.8)

Equation (2.9) computes a posteriori state estimate %, as a linear combination of a priori
estimate X, and a weighted difference between an actual measurement y, and a
measurement prediction HX,

£, =% +K,(y, —HE). (2.9)

17
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The difference (y, - «, ) in (2.9) is named as the measurement innovation, or the

residual. Tt reflects tno discrepancy between the predicted measurement HX, and the

actual measurement yg.

The nXxm matrix K, in (2.9) is chosen to be the gain that minimizes the posteriori error

covariance (2.8). To realize the minimization, we can

1)
2)
3)
4)

substitute (2.9) into the equation (2.6),
substitute the above result into (2.8) to perform the indicated expectations,
take the derivative of the trace of the result with respect to K}, and

set that result equal to zero, and then solve the equation for K.

The solutions to the Kalman filter are given as follows. Detailed mathematics derivations

can be found in reference [29,30]. rhe sclution equations can be divided into two groups:

1)

2)

time update equations, which use the current state and error covariance

estimations to obtain t..e priori estimations for the next time step.

X, =AX,_, +Bu, , (2.10)

P; =AP_ A" +Q . (2.11)

measurement update equations, which incorporate a new measurement into the

priori estimations to obtain improved posteriori estimations.

K,=P H"(HP HT +R)™, (2.12)
%, =% +K(y, —H), (2.13)
P, =(I-KH)P, . (2.14)

where I is the unity matrix.
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k=k+1

X

Time Update
(Predict)

Y

Measurement Update
(Correct)

Figure 2-1. The discrete Kalman filter computing cycle.

Initial estimates
Y .
% and p

k=k+1
v l
Time Update (Predict)

(1) Project the state ahead
X, =A%, +Bu,

(2) Project the error covariance ahead

PC=AP_A"+Q

Y
Measurement Update (Correct)

(1) Compute the Kalman gain
K,=P H'(HP H" +R)™
(2) Update estimate with measurement
X =% +K(y, —HE)

(3) Update the error covariance

b =U-KH)R

Figure 2-2. A complete picture of the Kalman filter operation.

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2-1 shows the discrete Kalman filter computing cycle. The time update equations
serve as a predictor; and the measurement update equations work as a corrector. The
process shows the recursive feature of the Kalman filter. Figure 2-2 offers a complete

picture of the operation of the filter with its calculation equations.

2.2 The Extended Kalman Filter (EKF)

The Kalman filter described in the previous section solves the general problem of

estimating the state xe€ R" of a discrete-time process that is expressed by a linear

stochastic difference equation. However, in actual applications, the processes to be
estimated are usually non-linear. An extended Kalman filter (EKF) therefore is derived

from the Kalman filter to solve this problem.

By means of Taylor series, the non-linear relationships around the current time step can
be linearized by using the partial derivatives of the process and measurement functions.

To realize linearization of a non-linear process, some parts in solution equations of the

Kalman filter must be modified. Assuming x€ R” to be a state vector of a process, it

can then be governed by the non-linear stochastic difference equation:

X, = fx 1.0 ), | (2.15)
with a measurement ye€ R",

Vi = h(xepe),s | (2.16)

where the random variables ¢, , and p, represent the process and measurement noise
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as shown in (2.3) and (2.4). From equation (2.15), the non-linear function f relates the

state at the previous time step k-1 to the state at the current time step &, and includes

driving function u, and the zero-mean process noise O, . In the measurement

equation (2.16), the non-linear function h shows the relationship between the state

vector x, and the measurement vector y, .

The individual values of the noise o, and p, at each time step are not known in

practice. However, the state and measurement vectors without noise could be

approximated as
X =& u,0), 2.17)
Ve = h(x,..0), (2.18)
where X,_, is the posteriori state estimation at the previous time step k-1. Thus a

non-linear process can be approximately linearized as:

x, =X, +A, (=% ) +W0,., (2.19)

Ve =V +H (=X ) +Vipy (2.20)
where

a) x, and y, are the actual state and measurement vectors,
b) X, and ¥, are the approximate state and measurement vectors,
c) X, , isthe posteriori state estimation at step k-1,

d) o, and p, are the random variables representing the process and measurement
noise as shown in (2.3) and (2.4),

e) Ay, is the Jacobian matrix of partial derivatives of f with respect to x,
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M -
Ak[i,j] = ’a‘_;_[—]_(xk-x u0), 2.21)

U

f) Wy is the Jacobian matrix of partial derivatives of f with respectto o,

W —_aﬂ"l_

il T 35 CANNARON (2.22)

1]
g) H is the Jacobian matrix of partial derivatives of 4 with respect to x,
oy
Hyyj=5— (%0, (2.23)
X
h) Vi is the Jacobian matrix of partial derivatives of & with respecttop,

L%L(% 0) (2.24)
k[i.j] a [“ ] . .
J

The prediction error and the measurement residual are defined as:

v = X — X, (2.25)
e, =V~ Y, . (2.26)
Practically, x, in (2.25) is not accessible, because it is the actual state being estimated.

On the other hand, y, in (2.26), which is used to estimate x,, is accessible by means of

measurement, Hence (2.25) and (2.26) can also be described by:

Exk =~ A (% — X ) +E,, (2.27)
e, =H,e +1,, (2.28)

where £, and 7, represent new independent random variables having zero mean and

covariance matrices WQ,W” and VR V" respectively, where Oy and R are shown in

(2.3) and (2.4).
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The random variables of (2.27) and (2.28) have the following probability distributions:

p@, )~ NQ,EE 2. 1), (2.29)
p(e,) ~NO,WQ W), (2.30)
pm) ~NQO,VRV"). (2.31)

Since (2.27) and (2.28) are linear equations, the actual measurement residual Eyk in
(2.26) and a Kalman filter can be used to estimate the prediction error e, given by
(2.27). Defining this estimation as ¢&,, the posterior state estimations could be obtained
from (2.25):

X, =X +é,. (2.32)
Assuming the predicted value of é,to be zero, the Kalman equation used to estimate
é,1s:

é, = KkEyk . (2.33)

Substitute (2.33) back into (2.32), then

~

2o=% +KE, =% K, (v 50 (2.34)

Similar to the discrete Kalman filter, the EKF equations can be split into two groups,

1) time update equations,

Xy = F(Eu,0), (2.35)
P;=AP,_ Al +W,0, W], (2.36)

2) measurement update equations.

K,=P H (HP H +V.RVI)™", (2.37)

X =% K (v~ h(3 00, (2.38)

[§]
w
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P, =(I-K,H,)F, . (2.39)
In equations (2.35), (2.36), (2.37), (2.38) and (2.39), X, was substituted by X, , because

of remaining consistent with the earlier "super minus" priori notation.

The basic computing cycle of the discrete EKF is the same as that of the linear discrete
Kalman filter shown in Figure 2-1. Figure 2-3 provides a complete operation picture of

the EKF with its calculation equations.

2.3 Frame Transformation

Transformations between ditferent reference frames are often employed in motor speed
control systems to obtain an effective control by converting the time-varying system into

a time-invariant one. A vector can be described in the stator (abc) frame by three

elements, and can be described in stationary (¢f3) frame by two elements, also can be

described in the arbitrary (dg) frame by two elements. In a practical motor control,
variables in the stator frame usually are transformed into the 2-axis stationary or arbitrary
frame to simplify mathematical equations and acquire proper control components. The
acquired control components are transformed back into the three-phase variables of the
stator frame to drive the actual motor. The transformations between the reference frames

are discussed in this section.

24

- Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 Initial estimates
% and P

K=k+1
‘ l

Time Update (Predict)

(1) Project the state ahead
2 = F(Ru,,0)
(2) Project the error covariance ahead

B =AF_ A/:-r W0 W

Y
Measurement Update (Correct)

(1) Compute the Kalman gain
K, =F H;(H . H; +V,RV/)"
(2) Update estimate with measurement
X, =8 + K, (3, —(£,,0))
(3) Update the error covariance

B =(U-KH)F

Figure 2-3. A complete picture of the extended Kalman filter operation.
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The angle between abc and off frame (the angle between a and o axis) is usually
set at 0° for calculation simplification. Figure 2-4 shows the relationship between abc and

of3 frame. The transformation equations between abc and @ff frame are:

F,l 21 -1/2 -1/2 £

{Fﬁ]=§[o V312 —«/’3'/2]' ];f ’ @49
F, 1 0

F,|=|-1/2 3/2 [F"‘] (2.41)
F | |-1/2 =372| L7

Note: Fs are variables representing voltages, cuirents or fluxes.

The angle between abc and dg frame (the angle between a and d axis) is defined as 6.
Figure 2-5 shows the relationship between abc and dg frame. The transformation

equations between abc and dg frame are:

F
Fy| 2| cos@ cos(@—-2m/3) cos(@+2m/3) F" 2.42)
F,| 3|—sinf —sin(0-2x/3) —sin(@+27/3) F" ’ ‘
E, cos@ —sinf 7
F,|=|cos@—-27/3) —sin@—2r/3) -[Fd } . (2.43)
F. cos(@ +2m/3) ~sin@+21n/3) !

Since the angle between abc and ¢ff frame is 0° and the angle between abc and'dq
frame is @, the angle between off and dg frame is 6. Figure 2-6 shows their

relationship. The transformation equations between 3 and dg frame are:
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Vector

120°

oY
QY

120°

c

Figure 2-4. Vectors in abc and ¢f8 reference frames.

c
Figure 2-5. Vectors in abc and dg reference frames.

oy
P

o

0

Figure 2-6. Vectors in o8 and dgq reference frames.
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F i F
a|_ co.s 6 sinf JHe (2.44)
F, —sin@ cosf | | Fy

Ff, _ Cf)se —sin 6@ ' E, . (2.45)
Fg sin® cos@ F,

2.4 Modeling of PMSM

The PMSM model in Simulink or other commercial simulation packages do not have the
function of presetting the rotor initial position, therefore it cannot be used in the startup
transient research. To solve this problem, a new PMSM model is developed in this

section.

From reference [31], the mathematical equations of the PMSM in dg reference frame are

dA,

Vd:R“,-Id+—dt—— P, A, (2.46)
Vq=RQ‘,~Iq+djt"+N,,-a),,~/1d, (2.47)
T, =§—N,, AT, =L, ~Ly)-1,-1,1, (2.48)
dZ’=§-(I}—TL—D~w,), (2.49)
f@i=w=Np-wr- (2.50)
dt
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where

A, is the d-axis flux-linkage, given by A, =L, I, +A,, (2.51)

A, is the g-axis flux-linkage, givenby A, =L -1, " (2.52)

q q
I, isthe d-axis current,

I, is the g-axis current,

R, 15 the resistance of the stator,
N, is the number of the pole pairs,

@, is the rotor mechanical angular speed,

o is the stator electrical angular speed,
D is the friction coefficient relating to the rotor speed,

J is the moment of inertia of the rotor,

g

is the electrical angular position of the rotor, and

e

A, is the flux of the rotor magnet.

Considering that the PMSM used in this research is non-salient, it can be assumed that

L =L, =L,. Hence equations (2.46), (2.47) and (2.48) can be rewritten as:

%:%‘%.'14+Np'wr'1q’ 2.33)

dr, 'V,

-Ef—:—zq—-—-%'lq—]vp'mr'Id—%'NP'wr'z’r’ (254)
3

T, =>Np-3 -1, - 2:55)

From equation (2.49), (2.50), (2.53), (2.54) and (2.55), the PMSM Simulink model is

developed, and its block diagram is shown in Figure 2-7. The input terminals 2, 3 and 4
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are the three-phase stator voltages. Blocks Fen_V,; and Fen_V, transform the Vi, Vi, and
Ve into V; and V,, which are described by equation (2.42). Blocks Fcn_I; and Inte_I,
calculate the I, described by equation (2.53), and blocks Fen_I,; and Inte_I,; calculate the
I, described by equation (2.54). Blocks Fen_1,, Fen_I and Fen_I, transform Iy and T into

1., I, and I, based on equation (2.43), respectively. Equation (2.55) is realized by gain

k=1.5*NMD*P. Blocks Sum, 1/J and integrator Inte_W, determine the rotor speed o,
described by equation (2.49). The Pole block is for N, -@,. And the Inte_Theta block

calculates 8, from equation (2.50).

The input terminal 5 in Figure 2-7 is a special design of the new PMSM model,. It
provides the function of presetting the initial rotor position. For example, if we want to
investigate the startup transient when the initial rotor position of the PMSM is 45°, we
can simply preset pi/4 as the input value of the terminal 5, and run the simulation diagram.
Hence this new PMSM model makes the research of startup process at different initial

rotor positions practical. This model is applied in all simulations of this thesis.

2.5 Control Algorithms of PMSM

General control methods of the Permanent Magnet Synchronous Motor (PMSM) reported
in reference [28] are summarized in this section. Figure 2-8 shows the vector diagram of

a PMSM in the arbitrary (dg) frame. The vectors in the diagram can be written as:
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PMSM_d-q_MODEL

»(D
vd Speed
WWay
L : b ko |
o L (D 3
D [ Fen_td  nte 19 i i MG ':{?
Tond Al Fen_lb
0a _|
Theta "'Lf‘:”) I —»(4D
@ » Fen_ic ie
Va
vb
D), » — 19, | L | wr
1d -
»
5 B fu) 1 e T 403 1 S
> . Ve, s Iq 'V DW— s Ll
T = =
Init_Pos W Vg Fen_lq Inte_lq 1.5 NMD*P - 1 Inte_Wr Pole e o
Thela .
Fen_Vq Sum inte_Theta
D
» D
Te
5
Theta

Figure 2-7. PMSM Simulink model with initial rotor position input.

1.(L, +L,)
o —
A d-axis

t

Figure 2-8. Space vectors of PMSM in dg reference frame.
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A=A, +1 (L, +L)), (2.56)

V, =l +RI,, (2.57)
\7,|=|1,]-sin B, (2.58)
I1,|=|1,-cos B. (2.59)
tand = Rl + ol ], (2.60)

RI, +o(A, —L,I,)
where,

A, is the stator flux-linkage,

5

1, isthe stator current, givenby I =1, +1

IE

)

and IIS|=\/37-

g

II el is the effective value of phase current,

A,

t

is the d-axis component of the PM flux-linkage, given by A, =+/3/2-4,,
A, is the rotor permanent flux linkage,

,.

is the leading angle of the stator current from g-axis,

A ™

is the stator per-phase resistance, and

O is the leading angle of the stator voltage from g-axis.

In addition, the motor power factor is represented as

cosQ = 095(5 -B). (2.61)

By controlling the angle 8 in Figure 2-8, three current phase control algorithms can be

developed for PMISM:

1) zero d-axis current control (I, =0),
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2) unity power factor control ( PF =1), and

3) constant flux-linkage control ( A, =Const).

Method 1 - Zero d-axis Current Control (I, =0)

In this control algorithm, B is set to zero. Thus the d-axis current [, =1 -sin f=0.

As a result, the currents do not have demagnetization component. The rotor flux will not
be weakened by the control algorithm. The electromagnetic torque therefore is

proportional to the armature current.

Figure 2-9 shows the vector diagram of this algorithm. High performance torque control
can be easily obtained in this method since the electromagnetic torque is only
proportional to the armature current. In addition, because the demagnetization of the
permanent magnet never occurs, this method is most commonly used in PMSM control in

industry. However, the rating of the inverter feeding the PMSM may somewhat increase

since a large stator voltage may be required to obtain a large A, .

Method 2 — Unity Power Factor Control ( PF =1)

In this control algorithm, the power factor (2.61) is always kept at unity. The condition of
unity power factor is realized by J =& . Hence, the relationship between I, and f is

derived as:

_ A, -sin 3
* Lysin® B+L, cos’ B

(2.62)

The vector diagram for this control method is shown in Figure 2-10.
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I, +L,)

Figure 2-9. Vector diagram of Method 1 (/,=0).
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|

ol (L, +L)/}
. .\( 'd .1) a)ﬂ.
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A’-s' I (L, +L,)
V.=RI + @A
=§
P — —
A, d-axis
Figure 2-10. Vector diagram of Method 2 (PF=1).
Ag-axis
!
I l
| |
A
v, 1o,
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WA,
o
B
P
‘ A, d-axis

Figure 2-11. Vector diagram of Method 3 (}ls =Const).
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Method 3 — Constant Flux-linkage Control (A, =Const)

In this control method, by controlling the current phase angle [, the flux-linkage A, is
kept constant (A, = 4,). The relationship between the armature current I; and its phase
angle f3 is

_ 2%-L,-sinf
Y Lysin® B+ L cos® B

(2.63)

The vector diagram for this control method is shown in Figure 2-11.

All three methods can be used to control the non-salient PMSM in this research. However,
considering that Method 1 is has the potential to provide excellent dynamic performance,

and therefore this method is to be further investigated in this thesis.

2.6 Simulink Diagrams for PMSM Control

Based on the PMSM model designed in Section 2.4 and the PMSM control methods
analyzed in Section 2.5, a Simulink-based PMSM control with sensors is developed and
its block diagram is shown in Figure 2-12. The PMSM model described in Figure 2-7 is
represented by block PMSM_Vabe_MODEL. Its output terminals Theta and Speed are the
actual rotor position and speed. The actual rotor position is fed back to the current loop.

And the actual speed is used in both speed and current loops.
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Figure 2-12. Simulink diagram of PMSM control with sensors.
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Figure 2-13. Details of the speed controller in Figure 2-12.
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The details of the Speed Controller block in Figure 2-12 are shown in Figure 2-13. Based
on the error between the speed reference and the actual speed, the proportional integral
(PI) produces a current reference I; to blocks Fen_Id and Fen_lg, which generate the
current references I, and I,". Since Method 1 is applied in this thesis, the Fen_Id block is

set to keep I, to be zero, and the F cn_Ig block is designed to deliver I to Ig*.

Figure 2-14 shows the details of Current Controller block in Figure 2-12. It employs two
PIs to regulate stator currents and provides feed forward control to decouple the dynamics
between the applied voltages and the currents. Inputs of the Current Controller are the
references 1; and Iq*, actual currents f; and [, and rotor speed @ ; the outputs of this

controller are voltages Vy and V.

Details of Iupe_lag and Vg,V blocks in Figure 2-12 are shown in Figure 2-15. These two
blocks are designed to realize frame transformations discussed in section 2.3. Referring to
equation (2.42), the I Iy block transforms 1,, /, and I into I; and Ié for the control
feedback. According to equation (2.43), the Vy,_ Vg block transforms V,; and V, into V,,

Vp and V. for the PMSM drive.

The load of the PMSM is described as the Load block. Figure 2-16 presents three types of
different loads: 1) load torque is proportional to square of the rotor speed, shown in
Figure 2-16(a), 2) load torque is proportional to the rotor speed, shown in Figure 2-16(b),
- and 3) load torque is constant, shown in Figure 2-16(c). These loads will be discussed in

detail in Chapter 3.
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Figure 2-14. Details of the current controller in Figure 2-12.
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Figure 2-15. Blocks for frame transformation.
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(c) Constant load.

Figure 2-16. Three types of motor loads for simulations of PMSM control.
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2.7 Modeling of EKF Estimator for PMSM Speed Control

Since the PMSM EKF estimator based on Simulink models seems not reported in the
literature, an innovative one is designed in this section. The new design features simple
structure, fast modification and convenient tuning. It is derived from the mathematics

analysis of the PMSM EKF estimator.

Substituting frame transformation equation (2.44) into (2.53) and (2.54) yields:

dl R A V.

E=—2] +N,-—L-@ -sinf, +-—2=, 2.64
dt L* "L ¢ L &0
di v
Do o By an, 2w, cos0, + 22 (2.65)
a L L L

Compared with the dynamics of the PMSM, the discrete sampling interval is very short in
control process. The rotor inertia therefore could be assumed infinite. As a consequence,

the torque equation (2.49) reduces to

dw
r=0. 2.66
% (2.66)

Therefore any mechanical load parameter as well as the load torque disappears in the
equations. This means the motor speed is kept constant in the prediction (time update)

step and produced entire dynamics in the correction (measurement update) step.

Write (2.64), (2.65), (2.66) and (2.50) into matrix form:
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R, : 1~ 1
I, ——z‘— 0 pr’smee 011, T
I 1
il 0 B —NP&LCOSQG AP 410
o, 0 OL % 0 @ 0
9€ Lee
| 0 0 N, 0] | O
I(I
I, _ 1 00 0} I,
I, 0 1 0 0] o,
68
Defining
—Ia— —Iaj
_dils| __|1p v, I
x“;,g; ; X7 uw= ;Y= ;
@, @, Vo Ip
_9"_1 _65..4
and
_ ; 1 .
_& 0 N, A, sinf, O — 0
L Zi L .
R
A 0 7 N, Lcos . . B 70
0 0 0 0 0 O
| O 0 N, 0] 0 0]

equations (2.67) and (2.68) can be rewritten as
x=A-x+B-u,

y=H- x.

o

o o~

1 00 0
01 0 0o

The approximate discrete equations of (2..69) and (2.70) can be written as

x,=(I+AT) x_,+B-T u.,.
e =H-x,.

where
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(2.70).

(2.71)

(2.72)



1 is the unity matrix, and

T is the sample time interval.

Considering the process and measurement noise, the PMSM space-state discrete

equations can be written as

X = (Um0 ) (2.73)
Y =h(x,,p,) - 2.74)

where |
| Jlxu,0,)=(U+A-Dx_ +B-T u._ +0,,, (2.75)
Mx,py=H x, +p,. (2.76)

From theory presented in Section 2.2, the PMSM states x can be estimated by EKF
through following two steps during each samipling time interval:

1) time update step:

X = (3 u0), 2.77)

P-=CP_Cl+W.0, WT. (2.78)

2) measurement update step:

K, =P D{(D,P.D{ +V,R V)", (2.79)
R =X, + K, (v, —h(Z,0)), (2.80)
P, =(I-K,D,)P]. (2.81)
where

of..
Clijt = Y CANTROR (2.82)

0 ;)
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of .
Wipn= afm (R 1,,0), (2.83)
Oi
Dy ;= iy (Xe,0) (2.84)
T any,
oh,,
Vien =ﬁl~(“k 0). (2.85)
T dpy,

In actual PMSM control system, matrix W, and V, are unity matrices and matrix O,
and R, are constants. Thus W,Q, W in (2.78) and V, R,V in (2.79) are replaced by

0 and R in computing process. The matrixes C and D are

.
1-rR o 1N 2dne, Too N, coss,
bk i i
C= 1-T5% ~T-N, Ccosd, T-w,-N,“sind, |, (236)
0 1 0
0 0 T 1 |

1 0 00
D= , (2.87)
01 0 0

where the footnotes k and k-7 are omitted.

From above mathematical derivation, a Simulink based PMSM EKF state estimator is

designed in Figure 2-17, where the inputs of this block are control vectors V,, and Vj,
and measurement vectors /, and [ ;. The outputs of this model are estimated state /,,

1 p » mechanical spced @, and electric position 0, . Blocks Matrix_Q and Matrix_R are

the noise coefficient matrices in equations (2.78) and (2.79). Blocks Marrix_X and
Matrix_P are the memory stacks for time step updating. Since it is assumed in the EKF
the motor is started from standstill without the need of the initial rotor

algorithm that

4 2
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Figure 2-17. Simulink-based PMSM EKF estimator.
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position information, the initial vector X has been considered as the null vector.

In a time update step, inputs Valpha and Vbera, blocks Matrix Concatenation, T/L,
Matrix_D', Multiplyl, Read_X, Matrix_Calculator, Multiply2 and Suml implement
equation (2.77). Blocks Read_ X, Matrix_Calculator, Read_P, Multiply3, Read_(Q and

Sum2 compute equation (2.78).

In a measurement update step, the output P- of the Sum2, blocks Matrix_D, Matrix_D',
Multiply2, Read_R, Sum3, Inv and Multiply6 calculate equation (2.79). The output X- of
the Suml, the output X of multiply6, model inputs lalpha, Ibeta, blocks Matrix_D,
Matrix_Calculatorl, Multiply5, Sum5 and multiply7 calculate equation (2.80). The output
P- of the Sum2, the output K of multiply6, blocks Matrix_D, Multiply8 and Sum6

compute equation (2.81).

To prevent the occurrence of the algebra circle in MATLAB simulation, the calculation
results of the present time step are delayed to the next time step. The process is
implemented by stacking the outputs of the model into the Matrix_X block in current

time-step and releasing it through block Read_X in next time-step.

2.8 PMSM EKF Sensorless Control

In this section, a multi-tasking Simulink-based PMSM EKF sensorless control diagram is

designed. A simplified simulation diagram of the EKF method is firstly presented.
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PMSM Sensorless Control
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Figure 2-18. Simplified EKF sensorless PMSM control.
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Figure 2-20. Details of block lupe_lyq&lyy, in Figure 2-18.
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A multi-tasking diagram with an ideal sinusoidal power supply for proposed control
method is designed. Finally, an advanced multi-tasking PMSM EKF sensorless control

diagram along with the sinusoidal pulse width modulated inverter is developed.

Simplified Simulation Diagram

A simplified PMSM sensorless control algorithm based on the EKF state estimator
proposed in Section 2.7 is designed and shown in Figure 2-18. Different from the control
with sensors shown in Figure 2-12, this algorithm uses the estimated position and speed

from EKF estimator instead of the measured position and speed from sensors in control
loops. Since the proposed EKF estimator requires the vectors V,,, Vg, I, and I g as

inputs, blocks Vg Viupc&Vap and lope_lug&lop are designed. As shown in Figure 2-19, the

Vg Vapre&Vap block transforms the voltages from dg frame to both abc and of3 frames.
Similarly, in Figure 2-20, the I,z &I. block transforms the currents from abc frame to

both dg and off frames. This diagram is called simplified simulation diagram because

the EKF model and the PMSM are calculated at the same computing rate (single-tasking
solver). Previous simulations in literature were based on this method. However, the
simulation accuracy of this diagram is limited because the PMSM and the control circuit
(including EKF model) are simulated at the measurement-sampling rate, which cannot be
pretty high in practice. In addition, this diagram cannot simulate SPWM application

because of the limitation of the measurement-sampling rate.

Multi-tasking Control Diagram with Ideal Sinusoidal Power Supply

In an actual PMSM control application, the motor keeps running continuously while the
control circuit (including EKF model) updates the control vectors once in each system
measurement-sampling interval. To simulate this process, a multi-tasking control diagram

with ideal sinusoidal power supply for the PMSM is designed and shown in Figure 2-21.

4 8
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The purpose of using multi-tasking method is to calculate EKF model and PMSM at
different computing rates so as to acquire better simulation results. The triggerable .
subsystem Control_Block, including control loops and EKF estimator, should work at the
actual sampling rate of the real-time control. At the same time, the PMSM should be
calculated at a higher computing rate to obtain more accurate motor information. Thus,

the simulation accuracy of the diagram in Figure 2-21 is improved.

The Pulse Generator block in Figure 2-21 generates the enable pulse to trigger

Control_Block so as to produce proper V,, V, and V_ to drive the PMSM. Hence both

of the Pulse Generator and the subsystem Control_Block should work at the system
measurement-sampling rate. For example, if the measurement-sampling rate is 10K per
second, the time interval of the enable pulse of the Pulse Generator should be 0.0001
second. Therefore the Control_Block works at the rate of 10K/sec. On the other hand, the
PMSM should be simulated at a higher computing rate, such as 200K/sec, to obtain more

accurate simulation results. The details of Control_Block are shown in Figure 2-22.

Multi-tasking Control Diagram with SPWM Power Supply

In practical applications, the PMSM is normally driven by a pulse width modulated
(PWM) inverter instead of an ideal sinusoidal power supply. It is hence necessary to
design a diagram to simulate the sinusoidal pulse width modulated (SPWM) inverter for
the proposed control algorithm. Since the SPWM inverter cannot be simulated in
simplified diagram due to the limitation of the single-tasking solver of the PMSM and the
control circuit, a new multi-tasking diagram with the SPWM supply is designed and

shown in Figure 2-23.
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PMSM EKF Sensorless Control
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The SPWM block in Figure 2-23 is designed to simulate the outputs of a three-phase
inverter that converts a DC voltage into pulse width modulated waveforms. The details of
the SPWM block are shown in Figure 2-24. The CW Generator block generates a

triangular carrier waveform. The product of the carrier voltage and the 2/3 of DC voltage

is compared with the three-phase reference voitages V,, V, and V. Blocks relational

operator, relational operatorl and relational operator2 implement the comparisons. If
the sinusoidal reference voltage is higher than carrier voltage, the relative comparator
outputs logic 1, otherwise outputs logic 0. The comparison results generate singles Gy, G3
and Gs, which are the gating signals for the three-phase inverter. The three- phase VSI

function in Figure 2-24 simulates a three-phase inverter, whose output is given by:

V, s =(2Gl—G3—G5) V. /3 (2.88)
V, s = (2G3—G1=G5) V. /3 (2.89)
V. =(2G5—Gl—G3)-Vy. /3 ‘ (2-90)

From above analysis, it is concluded that this multi-tasking diagram with SPWM inverter
can improve the simulation accuracy for the proposed PMSM EKF sensorless control

algorithm.

2.9 Conclusions

In this chapter, the theory of the discrete-time extended Kalman filters is introduced. A
simulink based permanent magnet synchronous motor (PMSM) model is established. The

main feature of the model lies its ability to preset the rotor initial position, which is not

50
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available in commercial simulation packages. Three control strategies for the PMSM are
discussed, based on which the zero d-axis current control is adopted due to its good
dynamic performance. To eliminate the use of position or speed sensors, a sensorless
control algorithm using an EKF state estimator is developed for the motor drive. A
multi-tasking Simulink-based diagram for the proposed drive system, which integrates
the PMSM, the control algorithm, the SPWM power supply and the EKF model for motor

speed estimation, is developed.
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Chapter 3

Computer Simulation and Analysis

This chapter presents the computer simulation and analysis of the PMSM EKF sensorless
control algorithm proposed in Chapter 2. The drive system operation With different types
of dynamic and static torque loads is investigated. The robustness of the proposed control
algorithm is investigated by parameter sensitivity analysis. A practical control technique
is developed for correcting rotor flux variations. One of the challenges in developing the
PMSM sensorless control is the difficulties associated with the motor starting since the
initial rotor position is usually unknown. This problem is thoroughly investigated, and
techniques are developed to overcome this challenge. Computer simulation is extensively
used in this chapter to assist the investigation and analysis of the proposed drive control

algorithms.

The contents of this chapter are as follows:

Section 3.1 investigates the performance of the proposed PMSM drive system operating
with different types of mechanical loads,

Section 3.2 studies the robustness of the drive system due to motor parameter variations
and presents an algorithm for eliminating flux-linkage corrector,

Section 3.3 simulates the motor startup process at different initial rotor positions and
presents a technique that can eliminate the use of divergence corrector and
startup current pu]sé injection, and

Section 3.4 concludes Chapter 3.
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3.1 Drive System Performance with Various Loads

The main objective of this section is to investigate the steady-state performance of the
proposed EKF PMSM sensorless drive system operating under various load conditions.
Three types of loads are considered: 1) fan/pump load, whose torque is proportional to
the square of the rotor speed; 2) linear load, in which the load torque is proportional to
the rotor speed. A typical example of this type of load is motor-generator sets; and 3)

constant torque load, where the load torque in constant, such as an elevator.

3.1.1 Fan/Pump Load

The load with the torque proportional to the square of the rotor speed (7}, o @?) usually

represents fan or pump applications. This type of loads can be defined according to the
nameplate (Appendix B) of the PMSM. Since the rated power of the PMSM under
investigation is SKW and the rated speed is 12000 rpm (=1257 rad/s), the rated load

torque is:
2 _ 5000/1257

, 0! =2.5175%107° - w?. (3.1)
1257

T, =kw
Firstly, the Simulink block diagram of the proposed EKF-based sensorless PMSM drive
with ideal sinusoidal power supply (Figure 2-21) is simulated to identify the control

performance.

Figure 3-1(a) shows the simulated waveforms of the speed reference @, , the actual
speed @, and the estimated speed @, in radian per second (rad/s). The speed reference
provides a step from O to 1200 rad/s at the time 0.1s, and a negative step from 1200 rad/s
to =500 rad/s at the time of 5s. Since the error between actual and estimated speeds is

hard to distinguish in Figure 3-1(a), the speed error ( @gy — @.q) is shown in Figure
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3-1(b). From Figure 3-1(b), the steady-state speed error is 7.5/1200=0.625% at the rated
speed (= 1200 rad/s), and reduces to (~0.5)/(-~500)=0.1% at ~500 rad/s.

The actual rotor position ., and estimated rotor position & are shown in Figure 3-2(a).
The error between these two positions ( €4 -Oes) is shown in Figure 3-2(b). The
steady-state position error is (=5°)/360°=—1.39% at 1200 rad/s, and 2.6°/360°=0.72% at
—500 rad/s.

Figure 3-3 shows the waveforms electromaguetic torque of the PMSM. The waveforms

of the actual and estimated stationary current [, and I . are shown in Figure 3-4.

From the simulation results, it can be concluded that the performance of the PMSM EKF
sensorless control is good when an ideal sinusoidal power supply is used. However, the
pulse width modulating (PWM) technique is widely applied in practical motor drives,
hence the control diagram with the PWM drive circuitry shown in Figure 2-23 should be

investigated.

Figure 3-5(a) shows the waveforms of the speed reference, actual speed and estimated
speeds when the sinusoidal pulse width modulating (SPWM) power supply is applied.
Figure 3-5(b) shows the error between the actual and estimated speeds. The steady-state
speed error is about (-11)/1200=-0.833% at 1200 rad/s, and goes to 10/(-500)=—2% at
—500 rad/s. The phenomenon that the speed error increases when the speed reduces is
caused by the PWM chopping noisc. Since the current disturbance caused by PWM
chopping noise is invariant at different speed occasions, the higher steady-state speed is,

the less effect of PWM chopping noise happens, and the smaller the speed error occurs.

ot
[9)]
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Figure 3-6(a) shows the waveforms of the actual and estimated rotor positions. The rotor
position error is shown in Figure 3-6(b). The average steady-state position error is

(-13°)/360°=3.61% at 1200 rad/s, and 10°/360°=2.78% at —500 rad/s.

Figure 3-7 shows the electromagnetic torque produced by the PMSM. Although the

SPWM waveform causes torque disturbance, the average value is the same as that in

Figure 3-3. The actual and estimated waveforms of the stationary frame currents I, and

I . Aare shown in Figure 3-8.

3.1.2 Linear Load

The load with the torque proportional to the rotor speed (7, o< ®@,) can be described as a

motor-generator (M-G) set, in which the motor drives the generator, and generator drives
resistance load. The simulation for this load is based on the diagram shown in Figure

2-23. The load for the PMSM shown in Appendix B can be designed ag-

5000/1257

T, =kw, =
’ 1257

®, =3.1645x107 - o, (3.2)
Figure 3-9(a) shows the speed reference, actual and estimated speeds when the SPWM
drive is used with the load torque proportional to the rotor speed. Figure 3-9(b) shows the

error between actual and estimated speeds. The steady-state speed error is

(=7)/1200=-0.583% at 1200 rad/s, and 7/(-=500)=—1.4% at —500 rad/s.
Figure 3-10(a) shows waveforms of the actual and estimated rotor positions. The rotor

position error is shown in Figure 3-10(b). The steady-state position error is -

(~13°)/360"=3.61% at 1200 rad/s, and 8°/360°=2.22% at —S00 rad/s. Figure 3-11 shows
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waveforms of the electromagnetic torque and Figure 3-12 shows the waveforms of actual

and estimated stationary currents [, and 1.

3.1.3 Constant Torque Load

In this simulation, the load of the PMISM in proposed control algorithm (Figure 2-23) is
assumed to be constant (7, =Const). The rated torque of the PMSM shown in Appendix B
can be calculated as:

=000 3.97(N -m) (3.3)

L1257
Figure 3-13(a) shows the waveforms of the speed reference, actual and estimated speeds
when the SPWM drive and the constant rated load are applied. Figure 3-13(b) shows the
error between actual and estimated speeds. The steady-state speed error is

(-11)/1200=~0.833% at 1200 rad/s, and 12/(—500)=-2.4% at —500 rad/s.

Figure 3-14(a) shows the actual and the estimated rotor positions. The rotor position error
is shown in Figure 3-14(b). The steady-state position error is (—14°)/360°=3.89% at 1200
rad/s, and 3°/360°=0.833% at —500 rad/s. Figure 3-15 shows the PMSM electromagnetic
torque and Figure 3-16 shows the waveforms of actual and estimated stationary currents

I, and ja.

o

3.1.4 Summary

In this section, the performance of the proposed EKF sensorless drive system is
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investigated under various loading conditions. Three typical loads including fan/pump
load, linear load and constant torque load are considered. The fesults of the investigation
are summarized in Table.3-1, from which the following conclusions can be drawn:

1) The proposed EKF algorithm for the rotor speed and position estimation is quite
accurate. The maximum steady-state rotor speed error is only 2.4% and the
maximum rotor position error is only 3.9%, which are acceptable in most
engineering applications.

2) The proposed sensorless drive system can operate satisfactorily under any loading

conditions.

3.2 Robustness to Motor Parameter Variations

The main purpose of this section is to investigate the robustness of the proposed EKF
PMSM sensorless drive system in case of the motor electric parameters variances. Two
types of the motor electric parameter variations are considered: 1) changes in stator

winding resistance, and 2) changes in rotor flux-linkage.

3.2.1 Changes in State Winding Resistance

The body temperature of a running motor increases because of the core loss, copper loss
and mechanical frictions. As a result, the stator winding resistances increase. Based on
the proposed PMSM EKF sensorless control diagram in Figure 2-23, this phenomenon is
simulated by keeping parameters in EKF model unchanged and increasing the winding
resistances in the PMSM model. In this research the resistance values are assumed to be

doubled (Rg—2Rs).
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Table 3-1. The simulation results of the steady-state rotor speed and position errors of different loads.

T, o< ] T, < o} T, < o, T, =Const
No SPWM SPWM SPWM SPWM
Speed reference
®,, (rad/s) 1200 | =500 | 1200 | -500 | 1200 | -500 | 1200 | -500
Steady-state speed
error 0625 0.1 |-0917| -2 |-0583| -14 |-0917}| 24
Bper — Dy %100 (%)
a)rqf

Steady-state

position error 1.389 | 0.722 | -3.611 | 2.778 | -3.611 | 2.222 | 3.889 | 0.833

Mxmo (%)
360°
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Figure 3-17(a) shows the waveforms of speed reference, actual and estimated speeds
when the PMSM winding resistances are doubled. The error between actual and
estimated speeds is shown in Figure 3-17(b). The average steady-state speed error is
(-12)/1200=-1.0% at 1200 rad/s, and becomes 10/(-500)=-2.0% at —500 rad/s.
Compared to Figure 3-5(b), Figure 3-17(b) does not indicate the inﬂuehce on speed

estimation by doubling the stator winding resistances.

Figure 3-18(a) shows the actual and estimated rotor positions. The rotor position error is
shown in Figure 3-18(b). The average steady-state position error is (—13°)/360°=3.61% at
1200 rad/s, and 10°/360°=2.77% at —500 rad/s. Compared to Figure 3-6(b), Figure 3-18(b)
does not indicate the influence on rotor position estimation by doubling stator winding

resistances. Figure 3-19 shows the electromagnetic torque produced by the PMSM and

Figure 3-20 shows the waveforms of actnal and estimated stationary currents [, and

I

a°

3.2.2 Changes in Rotor Flux-linkage

The rotor flux-linkage value of a PMSM might be higher than the named one when the
PMSM is newly manufactured, and will be weakened after a long-term usage. Therefore
two types of rotor flux-linkage variations should be studied: increase in flux-linkage and

decrease in flux-linkage.

Increase in Rotor Flux-linkage
Since most of the rotor flux-linkage increases when the PMSM is newly manufactured
are less than 10% of the named one. 10% increment is considered in this simulation. To

verify whether 10% increment of the flux-linkage ( 4,—1.1 4,) influences the system
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stability, we can simulate the proposed PMSM EKF sensorless control diagram in Figure
2-23 by increasing the flux-linkage10% in the PMSM module, at the same time keeping

other parameters in EKF model unchanged.

Figure 3-21(a) shows the waveforms of speed reference, actual and estimated speeds
when the rotor flux-linkage is increased [0%. The error between actual and estimated
speeds is shown in Figure 3-21(b). The average steady-state speed emror is

(-=13)/1200=-1.083% at 1200 rad/s, and becomes 10/(—500)%-—2% at --500 rad/s.

Figure 3-22(a) shows the actual and the estimated rotor positions. The rotor position error
is shown in Figure 3-22(b). The average steady-state position error 1is
(-14°)/360°=-3.89% at 1200 rad/s, and 8°/360°= 2.22% at —500 rad/s. Figure 3-23 shows

the waveform of the PMSM electromagnetic torque and Figure 3-24 shows the

waveform:. of actual and estimated stationary current [, and i o

Decrease in Rotor Flux-linkage

Generally, if a PMSM loses 20% of its rotor flux-linkage, it should be remagnetized.
Hence we consider the worst condition that is 20% decrease of the flux-linkage. To verify
whether the 20% decrement of the rotor flux-linkage influences the system stability, we
can simulate the control diagram in Figure 2-23 by decreasing the flux-linkage value 20%

(4,—0.8 4,) in the PMSM module.

Figure 3-25(a) showé the waveforms of speed reference, actual and estimated speeds
when the rotor flux-linkage is weakened 20%. The crro‘r between éctt'lal and estimated
speeds is shown in Figure 3-25(b). The average steady-state speed error is 3/1200=0.25%
at 1200 rad/s, and 3/(-500)=-0.6% at —-500 rad/s.
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Figure 3-26(a) shows the actual and estimated rotor positions. The rotor position error is
shown in Figure 3-26(b). The average steady-state position error is (—13°)/360°=3.61% at
1200 rad/s, and 6°/360°=1.67% at -500 rad/s. Figure 3-27 shows the PMSM

electromagnetic torque and Figure 3-28 shows the waveforms of actual and estimated

stationary current J, and fa.

3.2.3 Elimination of the Flux-Linkage Corrector

As references [19, 20] reported, the sensibility to electrical parameters uncertainty has
been a disadvantage of the PMSM EKF sensorless control. Particularly, the EKF
estimation is sensitive to the permanent magnet flux-linkage error, which causes speed
estimation inaccuracy. When the rotor flux-linkage is decreased, the unchanged
flux-linkage in EKF model will be larger than that of the rotor. The EKF estimator cannot
distinguish the error of the motor flux-linkage from the error of estimated speed. Hence
the estimated speed in EKF has to be adjusted down to keep the balance of the estimated
and measured current. Therefore, the estimated speed will be less than the actual speed.
As a result, the actual motor speed will be larger than the speed reference. Figure 3-29
shows the speed reference, actual and estimated speeds when the rotor flux-linkage is
weakened 10%. It can be noticed that the actual speed is 10% higher than the speed
reference. To solve this problem, a close-loop on-line flux-linkage corrector was
proposed in literature. The detailed principle and design of this corrector are presented in
references [19, 20]. The corrector is triggered to correct the flux-linkage error after the
successful convergence of the EKF However, the judgment of the successful
convergence of the EKF is still a problem. The misjudgment of the convergence may
trigger the flux-linkage corrector incorrectly, and may cause the system failure. Moreover,
the weighted integral inside the corrector has to be tuned to avoid interference with the

speed closed-loop dynamic. Otherwise, it may impact the control stability. In addition,
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(4,~0.9 4, SPWM, no flux-linkage corrector, EKF parameters from references).

Table 3-2. The simulation results of the steady-state speed and
position errors to PMSM parameter variations

Normal Rs—2Rs A,—~114, A,—08 4,
Speed reference
o, (rad/s) 1200 | =500 | 1200 | -500 | 1200 | -500 { 120C | -500
Steady-state speed
error -0917| =20 | -1.0 | =20 |-1.083| -2.0 | 025 | 0.6
[4i] —
act Coe.\‘t XIOO (%)
a)ref
Steady-state
position error -3.611 | 2.778 | -3.611 | 2.778 | -3.889 | 2.222 | -3.611 | 1.667
0, —0
act est XIOO (%)
360°
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the on-line corrector increases the computation steps.

The robustness research in Sections 3.2.2 unveils that the reported problem can be solved
by tuning the matrix parameters of the PMSM EKF model instead of the on-line

flux-linkage correcting.

The matrices of PMSM EKF model shown in 2-17(b) are Matrix_R, Matrix_Q, Matrix_X
and Matrix_P. Initial Matrix_X is the state vector X, which has been preset to the null
vector. Initial Matrix_P is the matrix Py in computation process. In EKF calculations,
Matrix_R and Matrix_Q are constant covariance matrices R and Q. The decision of the
elements of the matrices R, @, and Py are based on trial-and-error procedures [15, 16].
Since the Py is verified the less influent matrix in the initial EKF tuning procedure, the
matrices R and Q become the key points of the EKF tuning. When the matrices are

chosen as

8000 0 0 0 10 O 0 0

1 0 0 8000 0 0 0 10 O 0
R=|_ | 0= , Py = NCEY

0o 1 0 0 1200 0 0 0 20 O

0 0 0 0.01 0 0 0 10

the PMSM EKF estimator would not be sensitive to the motor parameter variations.

The simulations in this chapter are based on above matrices. From the research in Section
3.2.2 and 3.2.3, it can be concluded that the flux-linkage variations can be corrected by
EKF model itself if proper matrix parameters are applied. The elimination of the reported
on-line flux-linkage corrector not only improves the control stability, but also decreases

the total computation time.

3.24 Summary

In this section, the robustness of the proposed EKF PMSM sensorless drive system is
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simulated in case of motor electric parameter changes. Two types motor electric
parameter variations including stator winding resistance variation and rotor flux-linkage
variation are researched. The simulation results are summarized in Table 3-2, from which
the following conclusion can be drawn:

1) The proposed EKF sensorless control algorithm is robust to the PMSM electric
parameter variations. The maximum steady-state rotor speed error is 2.0% and the
maximum steady-state rotor position error 3.9%, which are acceptable in most
engineering applications.

2) The on-line flux-linkage correcting reported in literature can be eliminated through
tuning the matrix parameters of the EKF model. This advancement improves the
stability of the control system and decreases the overall control computational

time.

3.3 Startup Transient

The aim of this section is to investigate the startup transient of the proposed EKF PMSM
sensorless drive system at different rotor initial positions. The overall 12 potential rotor
initial positions of the PMSM are simulated. The control diagram (Figure 2-23) with the

SPWM inverter is used for investigation,

3.3.1 Startup at Different Positions

Becausc the 4 poles prototype PMSM (Appendix B) has 24 potential positions when it is
standstill, totally 12 electrical initial positions, from 0° to 330° with step of 30°, should be

investigated.
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Figure 3-30(a) shows the waveforms of speed reference, actual and estimated speeds
when the initial rotor position is 0°. The estimated speed converges to the actual one in
about 0.12s. Figure 3-30(b) shows the actual and estimated rotor positions and their error.

Excluding the convergence period, the average transient position error is 7°/360°=1.94%.

Total simulation results of startup transient of the proposed PMSM EKF sensorless

control are attached in Appendix D.

3.3.2 Cancellation of Divergence Corrector

From the PMSM mathematics equations (2.64) and (2.65), it can be recognized that the
motor voltage equations admit two acceptable solutions, the correct solution ( @,, &,)

and the wrong one (— @,, 0. 7). Although the wrong solution does not fit

do,

[—

7 =N, o, of the state equation (2.67), the EKF estimations still converge to it,

because the innovation step always remedies for the wrong position predicted value. This
phenomenon is called divergence or convergence problem. As references [15, 16, 18]
reported, the computation divergence at startup procedure is a disadvantage of the PMSM

EKF estimator in sensorless control.

To solve the problem, references [15, 16] proposed an on-line corrector. The corrector
will not work till the EKF convergence period is completed. The element Q(4,4) can be
used to indicate the end of the convergence when it becomes sufficient small. The

correcting process is:
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1) to wait the EKF convergence till the Q(4,4) is sufficient small,

do,

, and
t

2) to test whether the estimated speed Np @, coincides with

dao
3) if Npw, and dte are coincident, the divergence does not happen;

if they are not coincident, the corrector reverses the wrong speed and corrects the false

angle, where (- @,, @, 7)replaces (@,, ¢,)in the state vector.

Figure 3-31(a) shows the waveforms of the speed refereﬁce, actual and estimated speeds
when a divergence happens. Figure 3-31(b) shows the waveforms of the speed reference,

actual and estimated speeds with a correction of the divergence corrector.

However, in the correcting stepl, the "sufficient small" Q(4,4) is not a certain value. This
uncertain judgment of the convergence may cause incorrect operation of the corrector.
The statility of the system is therefore influenced. Moreover, the corrector increases the

total computational time.

From the simulations research, it was found that proper choice of the EKF matrix
parameters could prevent the occurrence of the startup convergence problem. The
simulation results shown in Appendix D are based on the matrix parameters of equation
(3.4). In total 12 startup simulations, half of them appear speed deviation, in which the
PMSM rotate reversely a little at the very beginning due to the unknown initial rotor
positions, and then rapidly spins to the correct direction. The results illustrate that the

EKF estimator is able to correct the divergence automatically.
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3.3.3 Removal of the Startup Current Pulse Injection

As reference [19] reported, the stall condition happens when the rotor lies in an unstable
equilibrium point, where motor cannot or hardly startup. In PMSM sensorless control, if
the initial rotor position error is close to 3-90°, the delay of the startup arises because the

+90° position error causes the swap of the feedback flux and torque current components.

For example, the initial estimated position is ) , =07, while the actual rotor position is

6, =90°. By using the biased rotor position, the of8 to dg transformation maps the
actual (z I,) couple as a wrong (I,, —I) feedback to the control loop. Usually, the PMSM
control uses a null d-axis current reference I, while the g-axis current reference Iq* is
delivered by the speed controller (PMSM control method 1, 1,=0, Section 2.5). As a result
of this initial position error, a null torque current component is produced. The motor

hence cannot be started.

To solve this problem, an 7, transient current pulse has been proposed [19]. The purpose
of the current pulse is designed to prevent the situation that Iq*is delivered to 0. The

d-axis current reference is given by

. Iy _yar
I =—7N-e 4% 3.5

where Iy is the rated current, and
7, is the motor electrical time constant.
However, this current pulse influences the startup procedure of other initial positions and

makes the control system complex.

From the startup simulations, it was found that the EKF model could converge to the
actual speed and position rapidly at any initial rotor position when the matrix parameters

in EKF mode! are properly tuned. The simulation shown in Figure 3-32 reports the EKF
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is able to startup from the stall condition (£=90%) when the load is the rated torque. Figure
3-32(a) shows the waveforms of the speed reference, actual and estimated speeds when
the load is the rated torque and the initial rotor position is 90°. Figure 3-31(b) shows the
waveforms of the speed reference, actual and estimated speed. From the simulation
results in Appendix D and Figure 3-32, it can be concluded that EKF with proper mairix
parameters can startup from stall conditions without the help of the current pulse injection.
The removal of the current pulse improves the system startup capability, and decreases

the total computational time.

3.34 Summary

In this section, the startup transient of the proposed EKF PMSM sensorless drive system

at different rotor initial positions is investigated. The overall 12 potential rotor initial

positions of the PMSM are simulated. From the simulation results, it can be concluded
that:

1) The proposed EKF sensorless control algorithm can start the PMSM at any initial
rotor position.

2) The reported divergence corrector whose purpose is to solve the convergence problem
is eliminated through a proper tuning of the EKF matrix parameters. This
improvement has enhanced the stability of the system and decreased the
computational time.

3) The reported startup current pulse whose purpose is to avoid the stall condition is
removed by tuning the EKF matrix parafneters properly. This progress has improved
the start capability of the proposed EKF sensorless algorithm and simplified the

overall control system.
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3.4 Conclusions

In this chapter, the performance of the proposed PMSM EKF sensorless drive system is
investigated in detail. The investigation can be classified into three categories: 1)
steady-state performance of the drive system operating with various types of mechanical
loads, 2) robustness of the control algorithm to the motor parameter variations, and 3)
start-up transient when the drive starts at various initial rotor positions. Based on a set of

comprehensive simulation studies, the following conclusions can be made.

1) The proposed sensorless drive systein can operate satisfactorily under any load
conditions. This is achieved in part by the proposed EKF speed/position estimation
algorithm, which can detect the rotor speed and position quite accurately based on

measured motor voltages and currents.

2) The drive system is insensitive to the variations in stator winding resistances and rotor
flux-linkage. This is achieved through the proper tuning of the matrix parameters in

the proposed EKF algorithm.

3) The drive system can start at any initial rotor position without using startup current
pulse injection as proposed in literature. The developed EKF algorithm has the
capability to handle the startup instability problems. With the proper tunitig of the
EKF matrix parameters, the PMSM can start from standstill with any initial rotor

positions.
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Chapter 4

Experimental Verification

This chapter presents the experimental verification of predicted results obtained through
computer simulations in Chapter 3. The configuration of the experimental set-up (both
hardware and software platform) is described in detail. The details of the dSPACE
integrated hardware/software environment for the implementation of the proposed EKF
sensorless control method are presented. The accuracy of estimated rotor speed and
position in proposed PMSM drive system is verified. The system robustness is
investigated. The drive startup transients at various initial rotor positions are tested, ard

the drive system performance is verified experimentally.

The contents of this chapter are as follows:

Section 4.1 introduces the hardware design and implementation of the EKF algorithm,
Section 4.2 introduces the dSPACE software design for the proposed sensorless control,
Section 4.3 presents the experimental results, and

Section 4.4 concludes Chapter 4.
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4.1 Hardware Implementation

In this section, the experimental hardware implementation of the PMSM EKF sensorless
control is introduced. The dSPACE based hardware configuration of the control system is

shown in Figure 4-1.

The Motor-Generator (M-G) Set in Figure 4-1 consists of a PMSM and a brushless DC
generator (BLDCGQG) as a mechanical load for the PMSM. The generator delivers the
generated power to a three-phase resistive load. Both of motors have shaft position
sensors. Since these two motors are mounted together, sensors of each motor can be used
to obtain the information of the position and the speed. The specifications of the M-G set

are attached in Appendix B.

The DC supply in Figure 4-1 provides the electrical power to the inverter. In the actual

experimental setup, it is a 300V, 50A variable DC power supply.

The Intelligent Inverter in Figure 4-1 converts the DC power into three-phase voltages
with variable amplitude and variable frequency to drive the PMSM. In this experimental
design, the Intelligent Inverter is a new-generation integrated intelligent IGBT power
module, SEMIKRON SkiiP342GD120-314CTVU. It provides many intelligent functions,
such as, isolated drivers, DC voltage sensing, three-phase currents sensing, temperature
sensing, short circuit monitoring, over current protection and over temperature protection.

The detailed specifications are given in Appendix C.
The Dynamic Break in Figure 4-1 works as a protection circuit. When motor is
commanded to slow down or rotate reversely, the kinetic energy of the rotor is changed

into clectric energy and fed back into the DC bus by the inverter. The DC capacitors as
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well as the IGBT modules may be damaged under this surge voltage. The dynamic break
circuit switches a resistive load into the circuit when the over voltage of the DC bus
happens. As a result, the regenerated electric energy is consumed on the resistor. Once the
DC voltage falls into the normal range, the dynamic break circuit will disconnect the

energy-consuming resistor. Hence the DC voltage is protected in a safe range.

The dSPACE Board and the PC blocks in Figure 4-1 are the control parts of the
implementation. PC compiles the software of the control algorithm and downloads it into -
the dSPACE board. The dSPACE board executes the downloaded instructions and realizes

the real-time control.

The details of Hardware Interface board are shown in Figure 4-2. The signals from Hall
effect sensors are buffered and conditioned for dSPACE PIO. The analog values of the
three-phase currents I,, I, and I, from inverter are processed for both dSPACE
analog-digital ports (ADC) and over-current protection circuits. Similarly, the DC voltage
is processed for both dSPACE ADC and over-voltage protection circuits. As shown in
Figure 4-2, any error signal from inverter or interface itself can disable the PWM signals,
at the same time the running software is halted by I01 of the PIO. The voltage level of
PWM signals from dSPACE Board is 5V. The PWM Signal Voltage Level Shifter block
functions to shift the PWM voltage level from 5V to 15V, which is the requirement of the

intelligent inverter.

4.2 Software for Real-time Implementation

8 2
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In this section, the experimental software structure of the dSPACE based implementation
of the EKF PMSM sensorless drive system is introduced. A merit of using dSPACE
controller to implement the control algorithm is that the dSPACE Real-Time Interface
(RTI) can effectively convert MATLAB Simulink diagrams into dSPACE hardware
instructions. This function provides a shortcut to implement a Simulink based control
algorithm and expedites the process of prototyping substantially. Considering the
particular hardware, such as analog-digital (A/D) and digital-analog (D/A) I/Os, series
I/Os, parallel I/Os and PWM generator, special definitions or modifications to the
Simulink models are needed when the Simulink diagram is going to transfer to dSPACE
instructions. The software for the experiments is developed based on the proposed EKF
PMSM sensorless control algorithm shown in Figure 2-23. The implemented dSPACE

block diagram is shown in Figure 4-3.

In the dSPACE block diagram, the Swirch 1 block provides the speed reference to the
system. From the start moment to the preset time, Switch I keeps sending out the
instructions of the Speed Reference block. After the preset moment, Switch [ switches to
the output of the Speed_ref block that is coded by the Model Parameters block. The

Speed Reference block can be re-coded to generate different speed references.

The Speed+Current Controller block in Figure 4-3 performs the mixture functions of the
Speed Controller and Current Controller blocks shown in Figure 2-13 and Figure 2-14,
respectively. It produces reference currents (I, and Iq*) from the error between the actual
and estimated speeds inside the block, and generates the voltage components in arbitrary

. * i .
frame (V, and V, ) from the errors between reference currents and measured currents.

Blocks Vag_Vabe, lawclsg and Cos_Sin_Theta in Figurc 4-3 ftransform the voltage

components from the arbitrary (dq) frame to the stator (abc) frame.  The Iype_Iqq block

§3
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Figure 4-3. dSPACE implementation of PMSM EKJ sensorless control.

' Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



transforms the current components from the stator (abc) frame to the arbitrary (dq) frame.
The Cos_Sin_Theta block provides proper triangular functions to blocks Vg,V and

Tabe_1aq. The transformations are based on equations (2.42) and (2.43).

The ABC_ab block in Figure 4-5 transforms current and voltage components from the

stator (abc) frame to the stationary (¢f3) frame, respectively. The transformations are

based on the equations (2.40).

The EKF_FEstimator block in Figure 4-3 is the proposed extended Kalman filter (EKF)
providing the estimations of the speed and position to the control loop. The details of this

EKF estimator are shown in Figure 2-17.

The DS1103DAC_CI block transforms the digital-based estimated rotor position into an
analog signal that could be captured by the oscilloscope. The actual position information
is obtained from the signals of Hall effect sensors, which are processed through blocks
PLL_HALL, PLL and Gain2. The DS1103DAC_C2 block then provides the analog signal

of the actual position to the oscilloscope.

The RTW_Motor_I0 block in Figure 4-3 is the Real-Time Workshop 10s for the PMSM.
It functions of collecting DC voltage, gencrating PWM drive signals, collecting signals of
Hall effect sensurs, collecting three-phase currents and protecting the whole system. The
DC voltage is sensed and conditioned for the calculation in this block. Based on this
voltage value, the three-phase stator frzuﬁe voltages from the Vy,_Va. block are
calculated to obtain three duty-cycle vectors. The computation cquation of obtaining

duty-cycle vectors is based on the reference [33]:

1 V.
Duty _Cycle(V.)=—(0+——=%—), 4.1
.u)__ yele(V,) 2( O.5-V(,r) 4.1)
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where V. =V, , V, or V_.

These three duty-cycle vectors are t;'ansf01'1ned into PWM waveforms by the
RTW_Motor_IO block to drive the three-phase inverter. At the same time, the signals
from Hall effect sensors are collected and conditioned, and then delivered to the
PLL_HALL block to obtain the actual position. The three-phase currents of the inverter
are simultaneously collected, conditioned and fed back to the current loop and the EKF
estimator. The error signal from interface board is detected in the RTW_Motor_IO block
to protect the system. Whenever the active error signal is detected, the RTW_Motor_IO

block will disable the three-phase PWM outputs and halt the entire running program.

4.3 Experimental Results

Experiments for PMSM EKF sensorless control are presented in this section. All
experiments are based on three-phase 8-ohm resistance loads connected to the BLDC

generator shown in Figure 4-1.

43.1 Accuracy Test

Specd and position accuracy tests for the proposed PMSM. control algorithm are

presented in this subsection.
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Speed Accuracy Test

The speed accuracy experiment of the proposed PMSM EKF sensorless control is based
on the diagram shown in Figure 4-3. The output of Switch I is the speed reference @ .
The speed output of the PLL block is the measured "actual" speed @,,. The Gain block
transforms the estimated speed of EKF from radian per second (rad/s) into revolution per

second (rpm). The output of Gain is sampled as the estimated speed @,,.

Figure 4-4(a) shows the waveforms of the @, @,y and @,y The @, is preset as a
step-down waveform so as to research the different steady-state speed accuracies in one
experiment. The step values are 5000 rpm, 3000 rpm, 1000 rpm and 200 rpm. Figure
4-4(b) shows the speed error @, — @,., The average steady-state speed error is
~5/5000=-0.1% at 5000 rpm, —5/3000=-0.167% at 3000 rpm, —10/1000=-1% at 1000
rpm, and —20/200=-10% at 200 rpm. The absolute value of average steady-state speed
error increases as the speed decreases because of the influence of the chopping noise and

the dead time of SPWM drive. Above results are listed in Table 4-1.

From Figire 4-4(b), the larger errors happen at the transient periods. The results match
those of simulations in Chapter 3. However, the Hall effect sensors only can accurately
detect 6-fixed position information, 0°, 60°, 120°, 180°, 240° and 300°. Other position
information is obtained from the integral procest in present experimental setup. Hence
the "actual speed" measured from Hall effect sensors is not accurate enough during
transient period. The dynamic transient of the proposed control algorithm could not be

researched under the condition of using Hall effect sensors in this thesis.

From the results of experiments, it can be concluded that the proposed PMSM EKF

sensorless control has good speed control accuracy, except at low speeds.
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Table 4-1. Speed errors of the experiment for speed accuracy.

Speed reference ®,,, (rpm) s000 | 3000 1000 200

Steady-state speed error @,,, —®,, (tpm) =5 =5 -10 ~20

Steady-state speed error ratio
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Figure 4-5. Actnal position, estimated position, position error

and stator phase-current of position accuracy tests.
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Position Accuracy Test

The position accuracy experiment of the proposed EKF sensorless control is still based on
the diagram shown in Figure 4-3. The measured "actual" position is calculated through
the PLL block, and transformed into the analog signal through the dSPACE D/A port
DSI1103DAC_C2, then captured by the oscilloscope. The estimated position waveform
form EKF estimator is transformed into the 'analog signal through the dSPACE D/A port

DSI1103DAC_C1, and shown on the oscilloscope as well.

Figure 4-5(a) shows the waveforms of the measured actual position 8,,, the estimated

act ?

position 8,,, the error 6, —0,, and the state winding current at speed of 5000 rpm.

The waveforms of CH1, CH2, MATHI1 and CH3 of the oscilloscope represent the 6

act ?

0,,, 0

6 est ?

o —0.e and Iy, respectively. In Figure 4-5(b), the 0 0, -0, and I

est?

act? act est

are shown when the speed is at 1000 rpm. In the experiments, as the speed decreases, the
influence of the inaccuracy of Hall effect sensors increases. Hence the experiments at

lower speeds were not researched under the present hardware conditions.

The steady-state position errors shown in the Figure 4-5(a) and (b) are about
4°/360°=1.111% at 5000 rpm, and 3°/360°=0.833% at 1000 rpm. Therefore, it can be

concluded that the proposed PMSM EKF model is accurate in position estimation.

4.3.2 Robustness Test

To test the system robustness, four experiments are designed based on the control

diagram of Figure 4-3 in this subsection. Since it is not practical to change the motor

89

- Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



parameters in experiments, an casy way to test the robust features is to keep the motor
actual parameters unchanged, while change the parameters of the PMSM model in EKF
model. For example, we can reduce the motor stator winding resistances in EKF model to
half, at the same time keep the actual stator winding resistances of the PMSM unchanged.
This is equivalent to the situation keeping motor parameters in EKF model unchanged
and doubling the stator winding resistances. Based on this method. Figure 4-6(b), Figure
4-6(c) and Figure 4-6(d) are désigned to simulate the cases of doubling the stator winding
resistances, increasing 10% of the rotor flux-liv.»age and decreasing 20% of the rotor

flux-linkage.

Test 1: No parameter changed
The waveforms of the speed reference @, actual speed @, and estimated speed @,y

are shown in Figure 4-6(a) without any motor parameter changes.

Test 2: Stator resistance doubled
To simulate this condition, the stator winding resistances in EKF model are reduced to

half. It is equivalent to doubling the stator resistances (Rs —2Rs) in PMSM. The

experimental waveforms are shown in Figure 4-6(b).

Test 3: Rotor flux-linkage increased 10%
To simulate this condition, the rotor flux-linkage in EKF model is decreased to 88.89%.
This is equivalent to the rotor flux-linkage increased to 110% ( 4,—110% 4,) in PMSM.

The experimental waveforms are shown in Fi gure 4-6(c).
Test 4: Rotor flux-linkage decreased 20%

To simulate this condition, the rotor flux-linkage in EKF model is increased to 125%. It is

equivalent tothe rotor flux-linkage decreased to 80% ( 4,—>80% 4,) in PMSM. The
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Figure 4-6. Response of actual and estimated rotor speeds of robustness tests.
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experimental waveforms are shown in Figure 4-6(d).

Since the Hall effect sensors in present setup cannot detect the negative speed, the
measured "actual" speeds in Figure 4-6(a), 4-6(b), 4-6(c) and 4-6(d) indicate zero when
the motor is rotating reversely. Hence the speed errors @, — @, during the period of
negative speed could not be accurately obtained. In actual experiments, the waveforms of
@p — Wy from O rpm to 5000 rpm are the same as the relative part of Figure 4-4(b).
The average steady-state errors of these four tests are 5/5000=0.1% at 5000 rpm.
Therefore, it can be concluded that the proposed PMSM EKF sensorless control is not
sensitive to the motor parameter variations. From the results of the simulations, the
system robustness is verified. Moreover, the improvement of eliminating on-line rotor

flux-linkage corrector is approved.

4.3.3  Startup Transient

The rotor of the 4-pole prototype PMSM (Appendix B) has 24 potential standstill
positions. Therefore, it has 12 electrical initial rotor positions, 0°, 30°, 60°, 90°, 120°, 150°,
180°, 210°, 240°, 270°, 300° and 330°.

To verify the startup feature, all potential standstill positions were tested in experiments.
Figure 4-7(a) shows the speed waveforms of the startup procedure when the rotor initial
position is 0°. The speed reference @,; provides a step command at the time of 1.0s.
The estimated speed @, converges to the actual speed @, in a short time period.

Hence the motor starts from that moment smoothly.
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Figure 4-7. Speed waveforms of startup transient.
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Initial rotor positions at 3-90° are called stall conditions in the literature where the
PMSM cannot be easily started by the control method 7,=0. A current pulse injection
reported in the literature was needed to help the motor to start at these positions. However,
the simulations in previous chapter have verified that the control algorithm proposed in
this thesis can start the motor at stall conditions by tuning the matrix parameters of the
EKF estimator. Figure 4-7(b) shows the experimental waveforms @,p @,y and @y
of the startup transient when the initial rotor position is 90°. From the waveforms, it can
be concluded that without the help of the current pulse injection, the @, converges to the
@, as fast as the process of starting from 0°. Hence it is verified that the startup current

pulse injection to prevent stall conditions can be cancelled.

In the literature, the startup procedure sometimes occur convergence problem, or so
called divergence. To solve this problem, a divergence corrector is used in practice,
especially when the initial rotor position is at 180°. But the simulation research in Chapter
3 of this thesis unveils that the divergence corrector is negligible. Figure 4-7(c) shows the
experimental waveforms @, @,, and @, when motor starts from the initial rotor
position 180°. In the actual experiment, the motor rotates to the wrong direction at the
beginning. After running about 60°, it changes back into the correct direction and then
rotates in expecting. Since the Hall effect sensor in this experiment set-up cannot detect
the negative speed, this process cannot be observed from the waveform of @g.. It is
found that the start procedure at initial position of 180" is longer than those of previous
tests. The reason is that the control algorithm needs extended time to correct the
divergence. However the time extension is acceptable. The waveforms of ovearall startup

transient tests are collected in Appendix E.

In Figure 4-7(a), (b) and (c), the measured "actual" speed waveforms are not smooth at

the very beginning. This is caused by using Hall effect sensors to detect actual speed. The
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Hall effect sensors only can accurately detect 6-fixed position information. Other position
information is obtained from the integral process in present setup. This can explain why
the rotor speed detected by Hall effect sensors is not accurate at low speeds or transient
periods. Especially, when the motor is at standstill, the Hall effect sensors cannot acquire

the correct information of actual position.

Based on the startup tests, it can be concluded that the proposed control algorithm can
start the motor from any initial position without special EKF divergence corrector or stall

condition avoidance current pulse.

4.4 Conclusions

The performance of the proposed PMSM EKF sensorless drive system is experimentally
investigated in this chapter. The experiments can be classified into three categories: 1)
steady-state performance of the drive system, 2) robustness of the control algorithm to the
motor parameter variations, and 3) start-up transient when the drive starts at various
initial rotor positions. Based on the experimental results, the following conclusions can

be made:

1) The proposed sensorless drive system can operate satisfactorily with good control
accuracies. The maximum rotor speed error is only 1.0% (except at very low speeds)
and the maximum rotor position etror is 1%, which are acceptable in most

engineering application,
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2) The drive system is insensitive to the variations in motor parameters such as the stator
winding resistances and rotor flux-linkage. Hence the elimination of rotor

flux-linkage corrector is achieved.
3) The drive system can start at any initial rotor position without using startup cwrent
pulse injection as proposed in literature. Due to the proper tuning of matrix

parameters of the EKF model, the rotor position divergence can be effectively

corrected in the experiment.
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Chapter 5

Conclusions

In this thesis, the modeling, analysis, design and experimental validation of a robust
sensorless control method for permanent magnet synchronous motor (PMSM) based on
Extended Kalman Filter (EKF) to accurately estimate rotor speed and position has been
presented. A MATLAB/Simulink based dynamic model for the PMSM has been developed
which allows the user to arbitrarily adjust the initial rotor position. A real-time EKF-based.
model in closed-form for the integrated PMSM drive system including all the power
electronics and associated digital controls circuitry has been developed and implemented
on an actual laboratory prototype. Detailed systematic computer simulations and analyses
of the proposed EKF sensorless PMSM drive system have been presented which validate
the robustness and accuracy of the proposed sensorless method. Predicted results obtained

by computer simulations have been experimentally verified..

The Major Contributions of the Thesis Include:
1) Elimination of rotor flux-linkage corrector
An on-line rotor flux-linkage corrector reported in the literature was required due to
the sensitivity of the EKF estimator to the changes of rotor flux-linkage. The
sensorless control algorithm proposed in this thesis has improved the robustness of
the EKF estimation so that the rotor flux-linkage corrector reported in the literature

can be eliminated.

2) Cancellation of EKF divergence corrector
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An EKF divergence corrector was needed because the PMSM sensorless control
method reported in the literature suffered from initial rotor position/speed
convergence problems. A robust EKF sensorless PMSM drive system has been
proposed in this thesis which can prevent any divergence problems at the beginning

of the startup process without a need for any additional circuit.

3) Removal of the startup current pulse injection
The startup current pulse injection has been suggested in the literature to help thé
PMSM start from particular initial rotor positions. This thesis has shown that the
new EKF-based sensorless control algorithm can start from any initial rotor position

without a need for any startup current pulse injection.

The above contributions have significantly improved the steady-state and dynamic
performance and robustness of the entire sensorless control, simplified the structure of the
PMSM EKF sensorless control, decreased the total time required for computer
computational simulations, and finally facilitated a much simpler implementation of the all
the digital control algorithms on a standard single DSP platform with reduced digital

through-put.

Other Contributions of the Thesis Include:

® Formulation of the EKF model in closed form.

® Development of a detailed dynamic model for the PMISM including initial rotor
position.

® Development of a discrete time model of the overall controlled system that includes
the details of power electronics circuitry.

® Decvelopment of an accurate initial speed/position prediction method without any need

for additional circuits to eliminate convergence problems reported in the literature
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using complex methods for correcting the initial flux.

® Development of a system capable of operation at low speeds without any stall
condition problem or a need for a current pulse injection algorithm reported in the
literature.

® Demonstration of proper performance, robustness and accuracy of the proposed

sensorless method for all operation conditions and different types of loads.

Recommendation of Future Research:

1) Verification of the dynamic performance of the PMSM at rated speed on the laboratory
prototype would be useful. This thesis has only presented computer simulations for
assessing dynamic performance at the rated speed due to limitations of the actual
laboratory prototype. Dynamic tests on the prototype at full speed would require

implementation of an integrated dynamic brake for safe operation of the system.

2) The actual speed signal obtained from Hall effect sensors of the PMSM integrated
prototype was not accurate at low speeds and could not provide any data for speed or
position in the reverse direction. The accuracy and robustness of the proposed EKF
sensorless method can be further analyzed and improved if a more accurate

speed/position data becomes available through a resolver.
3) The parameters of the EKF matrix are manually adjusted based on trial-and-error
method. Further research and analysis is required to optimize the process of selection

and tuning of the EKF parameters.

4) The proposed EKF-based sensorless method can also be extended to other types of

motor drive systems incorporating brushless DC motor (BLDCM) or induction motor.
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Appendix A

Basic Structures of State Observers
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In certain applications, some internal state variables are not readily measurable and hence
are not available for the control of the system due to excessive overall system cost,
weight and practical limitations of the measurement circuitry. In these situations, state

observer methods are used to estimate the state variables that are not available.

Assume a system having the following state equations

x=A-x+8-u, A

y=H- x. - (A2)
where all symbols denote matrices or vectors. The simplest observer is shown in Figure
A-1. Assuming that the input values of the system are known, we can simply realize the
observer, which runs in parallel to the actual system to estimate the state vector. However
this approach is not practical because the starting condition of the system is unknown.
This causes the state variable vector of the observer model to be different from that of the

real system.

This problem can be solved from the principle that the estimated output vector is

calculated based on the estimated state vector
y=H-X. (A3)

Then it .5 compared with the measured output vector. The error will be used to correct the
state vector of the system model. This is called the Luenberger observer, which is shown

in Figure A-2. The state equa.ion of Luenberger observer can be set up as:
£=(A-L-H)-%+B-u+L-y, (A4)
The matrix L must be set in order to make the error of the observer approach zero. This

can be solved by setting up a state equation for the error as:

é=(A-L-H)-e, (A.5)
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where

~

e=x—X. (A.6)
Transposing the matrices of the ervor differential equation (A.5), a form that is similar to

a feedback controller structure is obtained:
¢, =(A"—H"-L")-e,. (A7)

The effectiveness of such an observer greatly depends on the precise setting of the system
parameters and the exact measurement of the output vector. In the case of an actual
system, none of these criteria can be taken for granted. Due to measurement disturbances,
internal parameter variations, or the presence of excessive system noise, the Luenberger
observer cannot be relied upon. Researchers have used the Kalman .filter successfully to

overcome these problems.

Figure A-3 shows the structure of a Kalman filter. The overall structure of the Kalman
filter is the same as that of the Luenberger observer. Assume a system with the following
equations:
i=A-x+Bu+to, (A.8)
y=H -x+p. (A.9)
where o and p are the system and the measurement noises, which are stationary,

white, uncorrelated and Gauss noises, and the expectations are zeros. Define the

covariance matrices of these noises:

Q=E[c-c'], (A.10)

R=Elp-pT]. - (A.11)

where E[ ] denotes expected values.

The system equation of Kalman filter Observer is the same as that of the Luenberger:

2=(ALK-H)-3+B-u+K-y, (A.12)
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Figure A-2, Structure of the Luenberger observer.
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Figure A-3. Structure of the Kalman filter estimator.
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The only difference between them is the setting of the feedback gain matrix. For Kalman
filter, it is K, while for Luenberger, it is L. Matrix K will be set based on the covariance of
the noises. Establish a measure of the goodness of the observation as:

J=E[e" -e]. (A.13)

where e follows the definition given in (A.6).

This depends on the choice of K. K has to be chosen to make J minimal. The solution of
this is the following |
K=pP-H"-R™. (A14)
where P can be calculated from the solution of the following Riccati equation:
P-H'" .R"-H-P-A-P-P-A"-0=0. (A.15)

Q and R have to be set up based on the stochastic properties of the corresponding noises.
It should be pointed out that the discussion of Kalman filter in this appendix is only
suitable for linear systems. For non-linear systems, the Extended Kalman Filter (EKF)

algorithm is developed. Detailed formulations and discussions for the EKF method are

presented in Chapter 2.
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Appendix B

Specifications of the Motor-Generator Set
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Appendix C

Specifications of the Inverter Power
Module
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Vsz unstabilized 24V powersupply ‘30 Ve
Vi input signat voltage-(high} - 15 +0,3 v
dv/dt secendary to primary side 75 : kvius
| Vsone lnput/output (AC) 3000 ’ vae
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ANg iriputthrestiold: vcltaqex(Low) el e ALV
"Rl lingutresistance: - 10 = |k F
. Hoemio. . |turicon propagatlon time: (system) - 12 - | ps
téomio: - turn~off pro agation time (system) = 18 = gs.
bernreser |eITOr ; et time 9 — =] ps
At - mplbottom swatch mter!ock time - 23 - {s
Hamogour |8 V-¢omespondsio : —- 300 -~ | A
v ) max.‘currentof 15V supply voltage - ~ o~ 50 | ma
Vstoumax | t4vailable when supplied with 24V) : i I
taomax output ctirrent at.pin 13/20/22/24/26 - - - 5 | mA
Vo Iogic low.output voltage - - 06} V
Vou: logic high outplit vollage: — -~ 30 |-V
Itripse overcument triplevel ( limegour = 10¥) |  ~ 375 - A
| gratnd fault protection - 87T = | A
T ovet tgmperatiire protection c 110 - 420 °C
1 friplevel of Upc-| rot‘.ctxon ( Uniat out. | agp: N
Uncrrie _SV) (opncn) P e R R N

cxf ies se 1conducfor devices but promises no. charactenshcs No warranty ar guarantee
d regardlng delivery performance orsuxtabxhty .

119

» Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



http://serhi'sei,s%c3%a9mikf6n.c6m

. . SKip*
SKuP® 2 3 mtegrated mtelhgent Power Systems @E“E‘w}

SGE,‘M-IKRB;N;

PlN-array 3-phase

’k‘dge drlver SKuP 2 3 type ,,GD”

PiN-array -~ brake chopper drwer (used i SKuP 2

. type.GDLY -
.S C L X2: ,
Pin|signal; * {remark. |Pin}signat remark -
1. |ghigld s - 1 S ., ] 1. lshield connacted to GND (forusageofshlefded
|2 {soTHBA N positive 15V CMOS Jogic: 10 k@ Impedange | L1 . - wb‘ﬂ)
3 |ERROR HB T.OUT |shart'cifeull Monitaring HB1- 71 |2 |[CHOPPERexi. ON|LOW = GBT QN
RS jLow=nN ERROR; open collectoroutput ' o (Max) BY, I = 5'mA’
& hlgh {min)- 11.5V
. propagatxon deiay tyony <20 p5
o SR fasms25ns .
T4 ToPEINd - 13" [ERRORIQUTY LOW = NO-ERROR opien callestar Ou!put'
G PR o T » 1 S ek 30 V2B mA
) 5 BO.T:HB,_Z INB posmve‘!s\/ CMOS iognc 10kﬂxmpedanca_ 1. propagation defay\‘pg(mymrsﬁa ks
|8 |ERROR HB-_z:OUT short cireult monltonng HB2: T3 IrEseT LOW = RESET-
R L Lo LOW NG‘ERROR‘ oper} col!ectoroutput . e Réset-pulse- Ume!pog 5300 s
- connaatthis pin-to open collecior
: R outputwllhout' ul[up reslstor
17 jToP HER N
‘e {BOTHB.3 IND 15:. |reserved
g E.BRQBHS‘B.QUT t 8 [+24 Voo IN °f: plywilh 24V, when u:lngé-‘l
N e 7 [+2a Ve N supply:valtagé monitorlng iHreshold 15
L 8 [¥15¥WhcIN. | don tsupplyith 15V, han st
o i pul§ewidth en‘or—memory-resei 8 ps 9 {15 Vpe IN supply voltage momtonng thrashold!
14 {ToP HB'3% posmve 15\/ cmos Togic; 1014 impedancs. | {307{GND" : o !
41, ]Overtemp, OUTY- =Dpcp'<115.£5°C . 11 JGND
% BN " lapen colleclorOum Lmax. 30 V./15 mA. 42 lreserved
. Jow" ouiputvoltage<u (RN 13 Trosarrad’
.thh“ oulputvouage mex:. 30V _ 13 jreserve
142 lresarved i 14 Jreserved
13! [Up& dnalog OUT Unc when usfng optlon' ; ) Open colleclor oufpu! extemal pull up resnstor necassary
. o Haclual D
. P 'max output cun’entsmA
141+ 24 Voo IN: =
15

34 Voo IN .

) | Teship; analag OUT| me

STGND-glx ot

*{ nalog OUT

ana!o 'OUT HB 2 3

AGNDAuR & S

~ Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



. Reproduced with permission of the copvright owner.

SKuP® 2,3 integrated mte!hgent Power Systems
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Appendix D

Simulation Results of the Startup

Transients
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In this appendix, the simulation startup response waveforms of the proposed EKF PMSM
sensorless drive system are listed. The 4 poles prototype PMSM (Appendix B) has 24
potential positions when it is standstill. Hence to obtain overall simulation results of
startup transients, totally 12 electrical initial positions, from 0° to 330° with step of 30°,
should be considered. The control diagram (Figure 2-23) with the SPWM inverter is used
for investigation. Figure D-1 shows the response waveforms when the initial rotor
position is 0°. Figure D-1(a) shows the waveforms of speed reference, actual and
estimated speeds. The estimated speed converges to the actual one in about 0.12s. Figure
D-1(b) shows the actual and estimated rotof positions and their error. Excluding the
convergence period, the average transient position error is 7°/360°=1.94%. Other

response waveforms initial rotor positions are listed in similarly order.
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Tore(s) t(sec) Townfsh

(a) Speed reference, actual and estimated rotor  (b) Actual and estimated rotor positions and their
speeds. ' eITor.

Figure D-1. Waveforms of startup transient whea initial rotor position is 0°.
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(a) Speed reference, actual and estimated (b) Actual and estimated rotor. positions and their
rotor speeds. error.

Figure D-2. Waveforms of étartup transient when initial rotor position is 30°.
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(a) Speed reference, actual and estimated rotor  (b) Actual and estimated rotor positions and their
speeds. erTor.
Figure D-3. Waveforms of startup transient when initial rotor position is 60°.
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(a) Speed reference, actual and estimated rotor ~ (b) Actual and estimated rotor positions and their
speeds. error.
Figare D-4. Waveforms of startup transient when initial rotor position is 90°.
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(a) Speed reference, actual and estimated rotor  (b) Actual and estimated rotor positions and their
speeds : error.
Figure D-5. Waveforms of startup transient when initial rotor position is 120°.
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(a) Speed reference, actual and estimated rotor  (b) Actual and estimated rotor positions and their
speeds. error.

Figure D-6. Waveforms of startup transient when initial rotor position is 150°.
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(a) Speed reference, actual and estimated rotor  (b) Actual and estimated rotor positions and their

speeds. error.

Figure D-7. Waveforms of startup transient when initial rotor position is 180"
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(a) Speed reference, actual and estimated rotor ~ (b) Actual and estimated rotor positions and their
speeds. error.
Figure D-8. Waveforms of startup transient when initial rotor position is 210°.
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(a) Speed reference, actual and estimated rotor ~ (b) Actual and estimated rotor positions and their
speeds. error.
Figure D-9. Waveforms of startup transient when initial rotor position is 240°.
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Figure D-10. Waveforms of startup transient when initial rotor position is 270°.

127

| Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w0, w
T T T
Y il
= [
m,
- L1
- ) . N i
\SpeedReltence o, .
20| J H
™ i .. ]
7 SRS HUOUUSTO NONSTITRPIY SOOI AFSUIOPRUNE SOPUNIITPIUE SUORNY A A //: 00 / /
L / tonf ed 3 JRra
Actud Spoed H_/—/. o H
@ s S .
3 T
of EximatedSpeed EL >
< - -
Y \/ - \ - 1
: al-. CRNR IO, B
4] - i -[ i 1 -
ans [1] 15 a2 025 (i3] (% 04 [ 0s LT [1) 15 02 (¥ 03 oxs ad a4s os
Tire () Tim I}

(a) Speed reference, actual and estimated rotor  (b) Actual and estimated rotor positions and their
speeds. ' error.
Figure D-11. Waveforms of startup transient when initial rotor position is 300°.
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Figure D-12. Waveforms of startup transient when initial rotor position is 330",
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Appendix E

Experimental Results of the Startup
Transients
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In this appendix, the experimental startup response waveforms of the proposed EKF
?MSM sensorless drive system are listed. To obtain overall experimental results of
startup transients, totally 12 electrical initial rotor positions, from 0° to 330" with step of
30°, are considered. The control diagram (Figure 4-3) is used in experiment. Figure E-1
shows the waveforms of speed reference, actual and estimated speeds when the initial
rotor position is 0°. Other response waveforms initial rotor positions are listed in similarly

order.

In figures of this appendix, the measured "actual” speed waveforms are not smooth at the
beginning of the startup. This is caused by using Hall effect sensors to detect actual speed.
The Hall effect sensors only can accurately detect 6-fixed position information. Other
position information is obtained from the integral process in present setup. This can
explain why the rotor speed detected by Hall effect sensors is not accurate at low speeds
or transient periods. Especially, when the motor is at standstill, the Hall effect sensors

cannot acquire the correct information of actual position.
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Figure E-1. Speed reference, actual and estimated  Figure E-2. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 0°). rotor speeds of startup test (initial position: 30°).
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Figure E-3. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 60°).

Figure E-4. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 907).
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Figure E-5. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 120%).

Figure E-6. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 150%).
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Figure E-7. Speed reference, actual and estimated ~ Figure E-8. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 180°).  rotor speeds of startup test (initial position: 210°).
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Figure E-9. Speed reference, actual and estimated ~ Figure E-10. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 240%).  rotor speeds of startup test (initial position: 270%).
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Figure E-11, Speed reference, actual and estimated  Figure E-12. Speed reference, actual and estimated
rotor speeds of startup test (initial position: 300°).  rotor speeds of startup test (initial position: 330°).
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