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ABSTRACT

SENSOR AND SENSORLESS SPEED CONTROL OF PERMANENT MAGNET
SYNCHRONOUS MOTOR USING EXTENDED HIGH-GAIN OBSERVER

By
Abdullah Ahmad Alfehaid

Control of the speed as well as shaping the speed transient response of a surface-mounted
Permanent Magnet Synchronous Motor (PMSM) is achieved using the method of feedback
linearization and extended high-gain observer. To recover the performance of feedback
linearization, an extended high-gain observer is utilized to estimate both the speed of the motor
and the disturbance present in the system. The observer is designed based on a reduced model of
the PMSM, which is realized through the application of singular perturbation theory. The motor
parameters are assumed uncertain and we only assume knowledge of their nominal values. The
external load torque is also assumed to be unknown and time-varying, but bounded. Stability
analysis of the output feedback system is given. Experimental results confirm the performance
and robustness of the proposed controller. We also compare our proposed control method to the
cascaded Proportional Integral (PI) speed controller. Then, we show the extension of this control
method to solve the problem of sensorless control of PMSMs. The proposed sensorless control
method is a back-emf based control scheme. Therefore, we design a high-gain back-emf observer
in the a-B coordinates. Next, we transform the model of the PMSM to the d-q coordinates, which
is performed using the estimated position, and close the loop around the currents with relatively
fast PI controllers. After that, we reduce the model of the PMSM and design a third order Q-PLL
extended high-gain observer as well as the speed feedback controller. Then, we perform a
rigorous stability analysis of the closed loop system. Finally, we show simulation and

experimental results to verify performance and robustness of the proposed controller.
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CHAPTER 1

Introduction

Permanent Magnet Synchronous Motors (PMSM) are increasingly used in industry and
rapidly replacing induction and DC motors particularly in servo application such as CNC
machines and robotic systems. PMSM are popular due to their efficiency, high power density,

light weight, maintenance-free, and small size in comparison to DC and induction machines [1].

There are mainly two types of PMSMs: the surface mounted permanent magnet machines
and the interior magnet permanent magnet machines. The predominant difference between the
two is in the construction of the rotor. The surface mounted PMSMs are built with magnets
mounted on the surface of the rotor while the interior magnet PMSMs are built with magnets
embedded in the rotor. This structural difference leads to different mathematical models and
hence leads to different control approaches. Throughout this work, only the surface mounted
PMSM will be considered. Figure 1.1 shows a cross-sectional view of a four pole surface

mounted PMSM [2].

PMSMs are not easy to control because they exhibit nonlinear dynamic behavior. The
parameters of PMSMs are prone to temperature changes and variation in operating points, e.g the
stator winding resistance can vary by as much as 200% of its nominal value and the rotor flux
linkage can vary by as much as 20% of its nominal value [3]. Moreover, the load torque in many
industrial applications is unknown, which adds more complication to the control problem.
Addressing these challenges require robust control techniques, which have led to a variety of

control approaches that have been successfully applied.
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Figure 1.1. Cross-sectional view of a surface mounted PMSM [2].

High performance control of PMSM requires the Field Oriented Control (FOC)
technique, which is realized by Park transformation. This transformation requires accurate
knowledge of the rotor position of the motor and there are two main control techniques to
achieve this transformation. The first control technique is using a position sensor and the second
technique is controlling the motor without a position sensor, which is referred to as sensorless
control. Typically, position sensors are employed to achieve FOC. However, there is an interest
in eliminating the position sensor due to several factors that include cost, reduced wiring, which
feeds noise to the system, increased reliability of the drive system, and size reduction. Therefore,
it is sometimes desired to replace position sensors with mathematical tools that would achieve
comparable results. By eliminating the position sensor, we introduce more complication to the
problem of controlling the motor and thus sophisticated control methods are needed to design

and analyze the controllers.



1.1 PMSM Control with Position Sensor

In industry, Proportional Integral (PI) controllers have been largely used in motor drive
systems [4]. It is one of the simplest control techniques that offer good performance. However,
PI controllers are not a good choice for speed control in applications where high performance

and high precision are required.

Sliding mode Control (SMC) is becoming popular in PMSM drives due to its robustness
to parameter variations. However, in the presence of disturbance and system parameter variation,
the gains of the SMC are increased to guarantee robustness. This causes the system to exhibit a
phenomenon called chattering. Improvements to SMC have taken place to reduce chattering such
as using reaching laws and disturbance estimators. In [5] and [6], reaching laws are used to
decrease chattering but this causes reduction in SMC robustness near the sliding surface and also
increases the reaching time. In [6], an extended SM observer is used to estimate the disturbance
and then cancel it in the control law. A key difference between this thesis and [6] is that the
thesis includes the position measurement in the closed loop analysis as opposed to assuming the
speed is measured. Furthermore, the proposed control method in this thesis is capable of shaping
the transient response, whereas the work presented in [6] provides no means for shaping the

transient response.

Adaptive control has been used to control the speed of PMSM. In [7], Model Reference
Adaptive Control (MRAC) is used with disturbance estimator to avoid estimating each parameter
of the motor separately. This work is similar to our work in two ways, 1) the disturbance is
estimated and then canceled by the control law, 2) The transient response is shaped by the
MRAC. However, our work is different in that we assume a time-varying non-vanishing

disturbance that could depend on both states and time, and we do not assume that the speed is



directly measured. In [7], the disturbance depends only on time and its derivative converges to

zero as time tends to infinity.

Feedback linearization has also been used to control the speed of PMSM. In [8], feedback
linearization is used with a PI controller to regulate the speed of PMSM. However, in real
applications, feedback linearization, with or without PI controller, fails to shape the transient
response in the presence of model uncertainty and unknown disturbance. Therefore, other tools
must be used with feedback linearization to guarantee both stability and performance. In [9]
and [10], feedback linearization is used with an extended observer to estimate speed and
disturbance. Our work differs from [9] and [10] in that we reduce the model of the PMSM hence
reducing the order of the observer. In comparison with [9], we design the controller based on the
nominal parameters, and we do not use a PI controller in the speed loop. The work presented
in [10] extends the observer with multiple states to estimate the disturbance while we extend the

observer by only one state, thus requiring less computation.

Other control methods have been applied in speed control of PMSM such as fuzzy logic
control with disturbance estimation [11] and [12], and predictive functional control with
disturbance estimation [13]. Most of the recent work on PMSM control involves the use of
disturbance estimation techniques to effectively increase the robustness of the control method. A
wide range of different kinds of disturbance estimation techniques can be found in [14] and [15],

and the references therein.

1.2 Sensorless Control of PMSM
In principle, there are two main approaches to sensorless position and speed estimation.

The first approach is the fundamental excitation method where the back-EMF signals are



estimated and then position and speed information are extracted by different mathematical
means [16]-[26].The second approach is the signal injection method where high frequency
signals, ideally much higher than the fundamental frequency, are injected in a predetermined
fashion such that saliency features of the rotor are excited then exploited revealing estimates of
position and speed [28]-[30]. This method has also been successfully applied for initial rotor

position detection [31].

The major advantages of using the back-EMF method are its simplicity and it can easily
be implemented on existing drive systems. However, a major drawback of this type is the loss of
information at zero speed and signal corruption at very low speeds due to the smallness of signal
to noise ration. On the other hand, the high frequency signal injection method typically works on
all speed ranges unlike the back-EMF method. However, the disadvantages include induced
vibration and acoustic noise, and increased power loss. Therefore, in [29]-[30] the back-emf
based control method is combined with the high frequency injection method for a wider range
speed control. When these methods are combined, the back-emf based control method is used for
intermediate to high speed while the high frequency injection method is used when the motor

operates in low speeds.

Our proposed controller uses the fundamental excitation method as a first step towards
the estimation of position and speed of the rotor. To estimate the back-EMF signals, papers [16]
and [17] use extended classical Luenberger observer, [18] uses the steady state algebraic
expressions in the d-q coordinates, [19] and [20] use nonlinear observers, and [21]-[26] use
sliding mode observers (SMO) with either reaching laws or low pass filters that are used to
reduce chattering which adds complication to an already complex problem. We, on the other

hand, estimate the back-EMF signals using extended high-gain observers in the a-f3 coordinates.



The high-gain observers are used to provide fast convergence rate.

We use a Quadrature Phase Locked Loop (Q-PLL) to estimate position and speed of the
rotor as well as the disturbance from the back-EMF signals as opposed to estimating the position
and speed via the arctangent function as in [19], [21] and [22], and the arccosine function as
in [25]. Our Q-PLL is different than the Q-PLL used in [16]-[18], [24], and [26] in that we
extend ours to estimate the disturbance while [16]-[18], [24], and [26] only estimate position and
speed. To our knowledge, it seems to us that our proposed controller is first to extend the Q-PLL

to estimate the disturbance.

In general, knowledge of the direction sign of the rotor’s speed is essential for the
stability of the Q-PLLs when operating in the positive and negative speeds. Attempts have been
reported to solve this problem in [17] and [26]. Paper [17] uses a modified driving error signal
yielding a sum-difference tangent function which risks division by zero when noise is present.
Paper [26] also modifies the error signal using the double angle trigonometric identity, which
shrinks the potential attraction region of the Q-PLL by half. We, on the other hand, simply use

the sign of the speed reference.

Similar to [22], we use feedback linearization. However, we use a Q-PLL extended high-
gain observer while [22] uses the arc tangent function to drive the observer. Also, we reduced the
model of the motor based on the singular perturbation theory yielding a more accurate model
than just assuming the quadrature current reference signal equal to the true quadrature current as

in [22].

It can be seen that [16]-[26] lack closed loop analysis of the proposed control methods.

The problem of analyzing the stability of the closed loop is not an easy task but very important.



We provide nonlinear analysis of the closed loop system which is made possible because we
purposely design our system to be a multi-time scale one. Thus, we are able to use singular
perturbation theory to show exponential stability of the equilibrium point of the closed loop

system.

1.3 Mathematical Model of PMSM
The mathematical model of a surface mount PMSM in the two-phase-equivalent stator

frame of reference, the a-f coordinates, is as follows [33]:

di

LE: —Riy + kpwsin(n,0) + u, (L.1)
di

Ld—f = —Rig —kpw cos(npe) + ug (1.2)
dw o . 13
T km(—igsin(n,0) + ig cos(n,6)) — Bw — T, (1.3)
do
= 1.4
praakl (1.4)

where i, and iz are the two-phase equivalent stator currents, u, and ug are the two-phase
equivalent stator voltages, w is the mechanical rotor speed, 8 is the rotor position, T}, is the
external load, R is the stator winding resistance, L is the stator inductance and it is defined to be
the sum of the magnetizing inductance and the leakage inductance of the stator, n,, is the number
of pole pairs, k,, is the rotor magnetic flux linkage, B is the coefficient of viscous friction, and |

1s the moment of inertia of the rotor.

The relationship between the three phase voltages and their two-phase-equivalent

voltages is given by,



Uy Ug
Up | = Y |Up
Up Uc

where u,, u,, and u, are the three phase voltages, and u, is the zero-sequence voltage which is
identically zero for a balanced three phase system. Also, Y is the transformation matrix that

relates the three phase components to their two phase equivalents and it is defined by

_1 1 1_
2 2
2
3 2 2
1 1 1
W2 V2 V2

Similarly, the relationship between the three phase currents and their two-phase equivalent

currents is governed by,

Iy iy
io ic

where i,, i}, and i, are the three phase currents, and i, is the zero-sequence current which is

identically zero for a balanced three phase system.

The model of the PMSM shown above is highly nonlinear and is thus hard to control.
However, it is much easier to control the motor in the rotor’s frame of reference, the d-q
coordinates, which is a rotating frame of reference. Figure 1.2 shows the relationship between
the stator and the rotor frame of references. From Figure 1.2, the transformation from the a-3

coordinates to the d-q coordinates is achieved by the following relationship,



=ty o] b

and

[id] cos(n,0)  sin(n,0) [ia]
gl |- sin(npe) cos(npe) tg
where ug is the direct-axis input voltage, u, is the quadrature-axis input voltage, iy is the direct-
axis current, and i is the quadrature-axis current. Now, the system ( 1.1 )-( 1.4 ) can be rewritten

in the rotor’s frame of reference (d-q coordinates) as shown in ( 1.5 )-( 1.8 ).

Figure 1.2. Relationship between the stator and the rotor frame of references.



L—= = —Rig + nplwig +uq (1.5)
S = Rig — nplaiq ko + 1, (16)
jfl—‘:=kmiq—3w—n (1.7)
=0 (18)

The mathematical model of the PMSM in the rotor’s frame of reference is still nonlinear;
however, it is easier to control. Controlling the motor in this frame of reference is called Field
Oriented Control (FOC) because stator currents are projected onto the rotor’s magnetic field.

This transformation reveals a very important piece of information that i, is the only torque

producing current as seen in ( 1.7 ). Hence, the current i; should be regulated to zero to increase

the efficiency of the system.

The mathematical model of the PMSM is subject to practical constraints. The stator

voltages and currents cannot exceed certain limits; that is,
Ug? +ug? < Vinax

and
ig> 45" < Inax

where V., and I,,, are the maximum stator voltage and current, respectively. In practical
settings, these constraints are imposed on the model by the electrical ratings of both the motor

and the inverter that is used to drive the motor. It is very important not to violate these

10



limitations otherwise it would cause serious damage to the motor as well as to the inverter.

Therefore, the controller design must account for these limitations.

The mathematical model of the PMSM possesses a very important feature. Typically, the
electrical time constant is much smaller than the mechanical time constant. Subsequently, the
electrical states are much faster than the mechanical states. Thus, the mathematical model of the
PMSM is a two-time-scale system. It will be shown in the following chapters how singular
perturbation theory can be utilized to take advantage of this feature in order to reduce the model

of the PMSM.
14 Preliminaries

1.4.1 Performance Recovery of Feedback Linearization
Consider the following single-input-single-output nonlinear system in the normal

form[32]:

x = Ax + B[b(x,w) + a(x,w)u],y = Cx (1.9)
where x € R" is the state, u € R is the control input, y € R is the measured output, w is the

disturbance input and it belongs to a known compact set W c R, a(x, w) = ap, > 0,and 4, B,

and C are defined by

[0 1 0 0] [O]

[0 0 1 0] |0]
A=|: e RP™ B=|:]leR"®
lo o 0 1 lo]
lo o 0] 1]
C=[1 o 0] € R*®

11



The objective here is to design an output feedback controller that not only stabilizes the origin
x = 0 but also drives the system trajectories to closely match that of a target system. A natural

choice for the target system would be:
x*=((A—-BK)x*,y =Cx*

where K is chosen such that (A — BK) is Hurwitz and x* is the state of the target system whose

trajectories meet the desired transient response.

The control objective can be met using the method of feedback linearization. Let us first
consider the case where all the state variables of the system are available for measurement and
the functions a(x,w) and b(x,w) are exactly known; then via feedback linearization a state
feedback control u that achieves the objectives is given by

B —b(x,w) — Kx
B a(x,w)

In practice; however, this control input may not be implementable or it may not deliver
satisfactory performance due to two problems. First, some states of the system may not be
accessible for measurement; or simply, we choose not to measure them due to technical or
economic reasons. Second, only the nominal models of a(:) and b(-) are known. To solve these
problems and recover the performance of feedback linearization, extended state observers are

usually utilized. In particular, the following extended high-gain observer is used:

-
I

AR+ B[6+ 5@ +a@u] + [ - ’:—Z]T (y - C)
(1.10)

A Pn+1 ~
§=L2y o)
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where % is the estimate of x, d(x) and b(x) are nominal values of a(x,w) and b(x,w),

respectively, 4 is the estimate of the disturbance o, defined by
o= blx,w)—b(x)+ (a(x, w) — &(x))u,
€ > 0 is a small parameter, and p;,...., P41 are constants chosen such that the polynomial
S+ pyS™ e+ Py
is Hurwitz. Under the assumption that @(X) = a, > 0, the control input u can now be taken as:

_ —6-b(®) — K=
a(x)

High-gain observers are known to exhibit peaking in the estimation variables which might lead
to instability of the closed loop system [34]. Therefore, to protect the system from the peaking

phenomenon, the control law u is saturated outside a compact set, that is,

—6—-b(®) — Kz
u=Msat< ? ®) >

Ma(x)
where sat(+) is the saturation function and it is defined as sat(z) = min{1, |z|}sign(z), and the
saturation level M is given by,

—b(x,w) + Kx

M >
max o)

XEQ W EW

where (). is a compact set given by,

Q. ={TPx <c}

13



and xTPx is a Lyapunov function in which P = PT > 0 is the solution of the Lyapunov equation
P(A — BK) + (A —BK)TP = —Q for some Q = QT > 0. The constant ¢ can be chosen large
enough such that any given compact subset of R" is included in the interior of Q.. Under this
control law, it is shown in [32] that the control law recovers the performance of feedback
linearization in the presence of both model uncertainty and unknown disturbance. Moreover, the

control law stabilizes the origin x = 0 in the case when the disturbance is constant

1.4.2 Quadrature Phase-Locked-Loop

One of the tools that are used in back-EMF based sensorless control of PMSM is the Q-
PLL (Quadrature Phase-Locked-Loop) which we will use later in Chapter 3 when we expand our
sensored case control method to the sensorless case. Therefore, in this context, a Q-PLL is used
here as an observer to estimate the rotor’s position and speed of the PMSM. A Q-PLL is
basically a feedback loop system that mainly consists of two parts. The first part is the error
generator and the second part is the error compensator. Figure 1.3 shows the basic construction

of the Q-PLL.

In steady-state, the back-EMF signals of the PMSM in the alpha-beta coordinates are
ideally sinusoidal signals having the same amplitude and frequency with a 90 degrees phase shift
between them. For simplicity; let us assume that we have an online measurement of two

sinusoidal signals and they are defined by

Xg = sin(G (t))

Xg = — cos(@(t))

14



where 6(t) is an unknown continuous time-varying function. The question here is there a way to
estimate 0(t) and its time derivative 8(t) = w(t)? Well, it turns out there are multiple ways to

estimate 6(t) and w(t) and one of these ways is using a Q-PLL.

| l > Extended High-
l | gain Observer

D

e
v

— e ———— )

Figure 1.3. Q-PLL high-gain observer

First, let us look at the error generator part in Figure 1.3 which is very simple but

effective. The error generator makes use of the trigonometric identity
sin(x — y) = sin(x) cos(y) — cos(x) sin(y)
So, let e be the generated error signal defined by
e = Xg4 cos(@) + xp sin(@)
where @ is an estimate of 8. By substituting x, and Xg We arrive at
e = sin(0) cos(é) — cos(6) sin(é)
which simplifies to

15



e = sin(G — 9)

It can be seen that we can control the error by steering & which is accomplished by using a
compensator. The compensator can be a simple one such as a PI controller. However, here, we
will use a high-gain observer because it offers fast convergence rate that can be achieved with

little tuning effort. The Q-PLL high-gain observer can be constructed as

dé -

dt @ € €
A p;

dt _eze

that is

dé_ ~ , P1 . A
Pr A +?sm(0 —0)
w=—sm(0 0)

where @ is the estimate of w, p; and p, are positive constants, and € is a small positive

parameter that directly controls the speed of estimation.

We can study the stability of this system using singular perturbation theory. Therefore,

we make the following change of variables

1 _
nlzg(e—e)
N =w—®

which leads to the following singularly perturbed system

en=An+ByY +eEw
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] Y= [Sm(gnl) ,8] Ny, and E = [0] BL>01isa

where n = Z;], A= [_plﬁ 1] o

—p2B 0F

constant chosen such that

>0

Ism(em) iy

&M

With the assumption that w is bounded by a constant independent of &, the boundary layer of this

system is written as

en = An+ By

It can be easily verified by linearization that this boundary layer has an exponentially stable
equilibrium point at the origin. We can further analyze the system using nonlinear tools which
tells us more about the stability of the system away from the equilibrium point. Towards that
end, we augment the output equation y = Cnp where C = [1 0 0] to the boundary layer. This
boundary layer can now be represented as in Figure 1.4 which shows a negative feedback
connection of the transfer function

p1(es) + p,

F(5) = G5y + Bor(es) 7 p2)

and the nonlinearity i which belongs to the sector [, oo]. This system structure is a textbook
example of how Popov’s criterion can be applied. The transfer function I'(es) is strictly positive

real if and only if p;, and p, are chosen positive and the following inequality is satisfied

Bpi® —p1>0
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4>®_> ]"(gg) ® M >

()

Figure 1.4. Block diagram of the boundary layer of the Q-PLL

We Use the Kalman-Yakubovic-Popov lemma [34], Lemma 6.3] to obtain a quadratic Lyapunov

function; that is,

1 .
V(n) =5 Pn
where P is the positive definite symmetric solution of the Kalman-Yakubovic-Popov equations
PA+ ATP = —NTN — (P
PB=CT
In which ¢ > 0. It can be shown that the time derivative of V along the boundary layer satisfies
) 1 5
eV(n) < _Ez/lmin(P)”n”
which shows exponential stability of the boundary layer. Take
1 .
W) =5n"Pn

for the full system which has a time derivative satisfying
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. 1 1
W (1) < =5 CAmin(P)II* + " PEG < = = Ain (PN II? + eklin]

where k is an upper bound of ||PE|||w]|. Hence,

W) < =~ Plnle, Vil = ek
eWn) < 46 min nll<, n Z 7P

Consider the set

where ¢ > 0. Then,

i < s e v < G e i < o5}

Therefore, Q is positively invariant when

2
ezamzx(m = <aj;k(1>)>

which is true for sufficiently small €. Now, all trajectories starting in Q stay in £ for all future

time. However, we want the trajectories to satisfy the sector condition which is satisfied for

6 — 0 <y < m, where ¥ depends on 8. Equivalently, |n,| < E The maximum of |n;| over Q is

2
E”“ olp-172

Therefore, choosing ¢ large enough to satisfy

given by
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2c
\/;H[l 0P~ || <y

ensures that the sector condition is satisfied. Eventually, all trajectories starting in  will enter a

set of the form
Ql = {W < £2C1}
where ¢; > 0. Q, is positively invariant for

2

A:a:(lp) = <aj;k(m>2

which is satisfied by choosing c; large enough.

We should note that the previous discussion is only preliminary for readers who are not
familiar with Q-PLLs. When Q-PLLs are used in sensorless control of PMSM, the back-EMF
signals are first estimated then passed to the Q-PLL. Also, the back-EMF signals are ideally pure
sinusoidal only in steady state. Therefore, during transient there will be other components
involved from both the transient response of the PMSM subsystem and from the back-EMF

observer which adds complication to the problem.
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CHAPTER 2

Up to this point, we have shown different types of control approaches that have been
applied in the past to solve the problem of controlling the speed of PMSMs. We have also
introduced and described the mathematical model of the PMSM. In this chapter we propose a
new control method that solves the problem of controlling the speed of PMSMs with the use of a
position sensor. First, we close the loop around the currents with relatively fast PI controllers.
Then, we reduce the model of the PMSM and design a third order extended high-gain observer
as well as the speed feedback controller. After that, we perform stability analysis of the closed
loop system. Then, we show simulation and experimental results to verify the performance and
robustness of the proposed controller. Finally, comparison between the proposed control method
and the cascaded Proportional Integral (PI) speed controller is given based on experimental
results. The new proposed control approach is based on the control technique that was described

in section 1.4.

Speed Control with a Position Sensor
The goal is to design an output feedback controller that can achieve the following

objectives:

1) Regulating the speed of the PMSM to a reference signal w,..s in the presence of

both bounded external load T; and parameters uncertainty.

2) The ability to shape the transient response of the speed.

The aforementioned objectives can be realized using the method described in [32] with two
different approaches. The first approach is a direct application of the method described in chapter

1 and it is based on the complete model of the PMSM. The second approach is based on a
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reduced mathematical model of the PMSM that is obtained by utilizing the singular perturbation
method; consequently, requiring a lower order extended high-gain observer. In both cases the
rotor position 6 and the three phase currents i,. i}, and i, are measured, thus iy and i, are

known.

2.1 Proposed Control Algorithm

The proposed control algorithm consists of three main parts, fast inner current loops,
speed and disturbance estimation using the measured position via an extended high-gain
observer, and speed shaping and regulation via feedback linearization. The block diagram of the
control algorithm is shown in Figure 2.1. The inner current loops will be designed purposely to
be fast which will further increase the time scale separation between the electrical and
mechanical subsystems. This allows the system to be reduced via singular perturbation theory.
As a result, a reduced order extended high-gain observer is designed, which is easier to

implement.

2.1.1 Current Loops

The fast current loops are made possible by the smallness of the electrical time constant
L . .
Te =17 and the use of PI controllers for iy and i;. The current PI controllers are used here to

provide means to regulate the currents and to further increase the time scale separation between
the fast dynamics of the electrical subsystem and the mechanical subsystem. The design of the

current PI controllers starts by defining the current tracking errors as:
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Figure 2.1. Block diagram of the proposed control algorithm.
ed:idref_id (21)
eq = iqref — g (2.2)

where e, and e, are the direct and quadrature current-tracking errors, respectively; g ; and

lq,,, are the direct and quadrature current reference signals, respectively. iy . is assumed
ref ref

constant. The control inputs uy and u, are chosen as follows:

Ug = kped + X4
(2.3)
ug = kpeq + x4

with
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t
Xg = klf ed(f)df (24)
0

t
Xq = kif eq(Ddt (2.5)
0

where { is a dummy integration variable, k, is the proportional gain, k; is the integral gain, and
x4 and x, are the integrals of e; and eg, respectively. Substituting u, and u, into ( 1.5 ) and

( 1.6) yields the following current tracking error equations:

T% =—eq + Rk -:kp (Ridref — xd) -7 [npw (iQref - eq)] (2.6)
T% = —eq t ﬁ(Ri‘he}“ + ko — xq) +1 [di;;“’f +n,w (idref - ed)l (2.7)

L . . :
where T = o 18 the time constant of the current tracking errors. T can be made much smaller

D

than 7, = % by increasing the proportional gain k,, of the PI controller; and therefore increasing

the time separation between the electrical and mechanical subsystems. This will help in reducing

the model of the PMSM and thus reducing the order of the extended high-gain observer.

2.1.2 PMSM Model Reduction

By the proper choice of the current controller gains k,, and k;, e;, and e;, are made fast

and they will reach quasi-steady-state much faster than other state variables in the system. This
induces a two time scale system, with fast and slow dynamics, which gives us an advantage and
invites the use of the singular perturbation method [34] to reduce the model and then design the

extended high-gain observer.

The quasi-steady-state of the fast variables e;, and €iy> obtained by setting T =0 in

(2.6)and (2.7)1s,
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€4 :R+kp (Ridref—xd) (28)
1 .
eq:R+kp(RLqref+kmw—xq) (2.9)

Substitute ( 2.2 ) into ( 1.7 ) to obtain the equation:

dow k., /. B 1
EZT(lqref—eq)—jw—jTL (210)

where Lgres is viewed as the control input. Now, ( 2.4 ), (2.5),(2.8),(2.9), and ( 2.10 ) are

used to arrive at the following slow dynamics of the system:

dxg ki .

E‘R+kp(R‘dref_xd) (211)
dxq ki .

E—R+kp(quref+kmw—xq) (2.12)
dw ] 1

Ezalqref—yw+uxq—7TL (2.13)

kmkp km? B km
> S + ) = .
J(R+kp) 14 J(R+kp) ~ H J(R+kp)

where a =

2.1.3 Feedback Linearization under State Feedback
The method of feedback linearization is used here to regulate the speed of the PMSM to a
reference signal w,.¢. It also provides means to shape the transient response of the speed. The

speed tracking error is defined as

e(u :wref_w (2.14)

where ¢ is the speed reference signal. Using ( 2.13 ) and ( 2.14 ) we obtain the following:
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de dw 1
—w ref‘l‘)/wref_aiqref_yew_ﬂxq+7TL (2.15)

dt dt

It is desired to match the transient response of the speed tracking error to that of the following

target system

— ke * (2.16)

where k, > 0. If the speed w were available for measurement and the external load T, were
exactly known, the state feedback control law that achieves the objectives would have been

given by

1
T YWyer + (ky —7V)ew — uxq + 7TL

_ dw
29 <ew,xq, Do) —L, TL> (2.17)
The closed-loop system formed of ( 2.11), (2.12), (2.15), and ( 2.17 ) is given by
§=A¢ (2.18)
T . .
where & = [xd — Rig,, 1Xqg — Xq, ew] , X4 satisfies the equation

g K RY(0,%,w QOref 1\ 4k oyer — 7
dt (R-l—kp) »Aqr Yrefs dt » LL mWref q

and
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__k 0 0
R+ ky,
A1: ki ki 2 B (219)
0o - _ k.2 — R (k ——)
k, kmkp<m J (Fo ]
0 0 -k,

The matrix A; is Hurwitz.

2.1.4 Feedback Linearization under Output Feedback
Since the external load T, is assumed unknown and only the nominal parameters of the

PMSM are known, equation ( 2.13 ) is rewritten as:

dw ) R .
Ezalqref—yw+qu+a (2.20)
where &, 7 and [ are the nominal values of @, y and pu, and o is the disturbance, which is defined

by
o~ . . 1
o= (a—-ig,—¥-—Pw+{-RNx, _7TL

The assumption here is that the rotor position is directly measured and the speed of the PMSM is
not available for measurement. Therefore, the measured rotor position is used to drive an
extended high-gain observer that estimates both the speed of the motor w and the disturbance o.

The extended high-gain observer, formed using ( 1.8 ) and ( 2.20 ), is given by

dé P1 ~

& s+ 06— (2.21)
=0+ (6 —9)

do . A oA ~ , P2 A
Ezalqref—yw+,uxq+a+€—2(9—9) (2.22)
dé p; ~

(g - 2.23
- =—(0-9) (2.23)
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where 0, @, and & are the estimates of 8, w, and o, respectively, p;, p,, and p; are chosen such

that

3+ p1s?+ps+p3=0 (2.24)
is Hurwitz, and € > 0 is a small parameter. If we have not used the singular perturbation method
to reduce the model, the order of the extended high-gain observer would have been 4, which

would be harder to implement.

To formulate the output feedback controller, we need to rewrite the speed tracking error

in its nominal form which can be obtained using ( 2.14 ) and ( 2.20 ) as

dew dwref ~ A~ ~ A
- ar T Trer ~@lary ~Tew X =0

Since the objective here is to drive the speed tracking error trajectory to match that of the target

system ( 2.16 ), the output feedback control law is taken as

1 dwref N _o\A A A
= + Y Wyef + (ka) y)ea) Uxqg — 0

lfIref = a dt
A A dwref
2 Y <ew, Xgq, 0, wref'T (2.25)
where &, is the speed tracking error estimate, defined by é,, = w;.y — @. It can be verified that

d(l)ref

d(l)ref —
Y ew,xq,a,wref,T =Y ew,xq,wref,T,TL (2.26)

To protect the system from the peaking phenomenon of high-gain observers [34],the control law

(2.25) is saturated outside the compact set Q; = {V; = ETP,& < ¢;} where P, = Pf > 0 is the
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solution of the Lyapunov equation P;A; + ATP; = —Q, for some Q; = QT >0, and ¢; > 0 is

chosen such that £(0) is in the interior of ; and

— d(l)ref
max Y <ew, Xg, wref,T, T,

<i,
56!21 max

where i, is the limit of |iq | The above inequality is possible if

— _ da)ref
|¢ <0’ xqr w’)"efl T’ TL
which restricts w,..¢, and T;,. The control law is then given by

A N dwre
l/) (ea); xq, g, wref) Tf>
= Msat

lQref M

where M =

lQmax :

2.2 Closed Loop analysis

(2.27)

(2.28)

Theorem 2.1: Consider the closed loop system formed of the PMSM model ( 1.5 )-( 1.8 ), the PI

current controllers ( 2.3 ), the extended high-gain observer ( 2.21 )-( 2.23 ), and the speed

controller ( 2.28 ). Assume that

AdWref d dzwref

1) wyef, — > and ——== are bounded

2) T, and % are bounded

[t <
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4) &(0) is in the interior of £}y and the initial states i4(0), i4(0), 6(0), &(0), and 6(0) are

bounded.

Then, there exist positive constants A, and A, such that for all € < A, and E < Ay, the trajectories

of the closed loop system are bounded for all t = 0, and
le, () — e, ()] —>0ase—>0and£—>0forallt20 (2.29)

Proof: The closed-loop system is represented as a three-time-scale singularly perturbed system.

The state variables are taken as

$1=Xqg —Rig,. , $2=%3—Xg, §3=¢,,

771:52(9—9), lezg(w—@),

1
~ =P+ (= Dxg =T, ~ 6

A ~ dwref
Y (e(u; Xq) 0, Wref, T)

M

N3 = (@ —@)Mo,

. 1 .

Z1 =lg — m(kpldref + xd)
p
R R dw

. lp (ea)pqu o, wrefpd_;ef>
ZZ:lq_R+kp kpMp, m —km 0+ x4

1 M

Z

c~[f] -

¢3 N3

where ¢, is an odd function defined by

30



(y for0<y<1

y—-1 y*-1
- <y<
y+ - e for1<y<1l+e¢

cpe()’) =

e
[EnN
+
N| ™M

fory>1+¢

which is a continuously differentiable nondecreasing function with a locally Lipschitz derivative

and bounded uniformly in € on any bounded interval of . Furthermore, the function ¢, satisfies

|sat(y) — ¢e(¥)| < - and [¢i()| < 1VyeR.
For £e(l4, the closed-loop system is described by

§=ME+Ez+Bifi() +eBofa(0)

€1 = Ayn — B3p3Any + €[Bsf3(-) + Byfa()] + Bybz,

vi = —z— 22 () Ban — =P BLfy () + 19()
ea ¢ R +k,
where A; is defined by ( 2.19),
[—k; 0 0 0
El = 0 _ki s Bl = . klR s 2 = kp _ki
_km Rtkp |  kmkp Rtkp | km
J J J
—p1 1 0 0 0
A2: _pZ 0 1a B3: 09 B4: 1’35:[(1)],[):’(7171’
l—pP3 00 1 0

A ~ d“’ref
D) = 91(-)] _a-@ w(ew,xq,a,wref,T)
g() = sl mdA == ¢€< - .

(2.30)

(2.31)

(2.32)

The functions f; to f, and g; and g, are given in Appendix A. The functions f; and f, are

globally bounded, and f; vanishes at n = 0. The functions f; and g satisfy a bound of the form
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kq + kplinll + k.|l zll, while f, satisfies a bound of the form k, + k;||n|| where k,, k;, and k.

are positive constants.

For 7 K € K 1, The system ( 2.30 )-( 2.32 ) is singularly perturbed with three-time-

scales. In the fastest time scale, the boundary layer model is tZ = —z, which is obtained by
setting E =0, t =0, and € = 0 on the right-hand side of ( 2.32 ). The quasi-steady-state of this

model is z = 0. In the intermediate time scale, the boundary layer model is

en = Axn — BzpzAny (233)

which is obtained by setting € = 0 and z = 0 on the right-hand side of the 7-equation. This

system can be represented as a negative feedback connection of the transfer function

P3

M) = ey + pr(es) + o) + 13

and the time varying gain A(-). Since |O%a| < 1and |¢z(*)| <1, |A| < 1. Because the poles of

the transfer function I'(es) are real and negative, max, |I'(jew)| < 1. The circle criterion [34]
shows that the origin of ( 2.33 ) is globally exponentially stable. By applying a loop
transformation and using the Kalman-Yakubovich-Popov lemma [34, Lemma 6.3] we obtain a

quadratic Lyapunov function V,(n) = n"P,n whose derivative with respect to ( 2.33 ) is
bounded from above by — (%) V,(n) for some positive constant A, independent of &. In the

slowest time scale, the slow model is § = A;&, which is obtained by setting € = 0 and 7 = 0 on

the right-hand side of ( 2.30).
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Consider the set
O=0, x{W(n,z) < e?c,}

where W(n,z) =77TP277+§ZTZ. Similar to arguments used in the analysis of high-gain
observer [34], it can be shown that, by choosing ¢, > 0 large enough, the set () is positively

invariant for sufficiently small € and E This is done by showing that V; < 0 on the boundary of

Q,, and W < 0 on the boundary W (n, z) = £2c,.

At the initial time, (n(O),Z(O)) could be outside the set {W(n,z) < £%c,} but would
move rapidly toward the set and will reach it within an interval [0, T (¢)], where lim,_, T (¢) =
0. Because the initial state £(0) is in the interior of Q;, choosing & small enough ensures ¢ does

not leave (;, and by the end of this interval (§,7, z) would be in the positively invariant set Q.

The limit ( 2.29 ) follows from the continuous dependence of the solutions of differential

equations on parameters [34, Theorem 9.1] and exponential stability of the subsystem

Sé:Alf- [ |

Theorem 2.2: Under the assumptions of Theorem 2.1, suppose wyqr and T;, are constant. Then,

there exist positive constants A3 and A, such that for € < A3 and E < Ay lim;_ o e, (t) = 0.

Proof: We have already shown in the proof of Theorem 2.1 that the trajectories of the system
enter the positively invariant set () wherein ”Z” = 0(¢). Inside (), the saturation is not active;
hence M. (/M) = Msat(yp/M) = 1. When w,..r and T, are constant, it can be shown that the

system has an equilibrium point at (E_ 7, Z), where
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= Lny,w Bwyefr+T = = TNpkmWrefia

_ p ref( ref L) _ . = = _ p ref
$1=— o 62 = anwrefl’drefﬂ 3= =1, =0,13 = -5
_ pWref(Bwref+TL) _ .

1= o ,and Z, = TNy Wrerla,, ;-

At this equilibrium point e,, = {3 = 0. We now show that the equilibrium point is exponentially
stable and every trajectory in () converges to it as time tends to infinity. Towards that end, we

shift the equilibrium point to the origin by the change of variables

fzf_f_a ﬁ:n_ﬁa Z=z—2Z
The transformed system is given by

§=AE+EZ+Bifi()

eff = Hff + BybZ, + €[B3f3(') + B4f4(')]

2 ~ Tp3 ~ ~
=—7—-—B + .
17 VA s s +1G()

where H = A, — p; (%a) B3Cs, in which C3 =[1 0 0]. As shown in the proof of Theorem

2.1, H is Hurwitz for |%a| < 1. The functions f and § are obtained from f and g by subtracting

their values at the equilibrium point. A composite Lyapunov function for this three-time-scale

singularly perturbed system is taken as

o 1
V=ETPé +i"Paij+ 522

where P; is the positive definite symmetric solution of the Lyapunov equation

P3H+HTP3:_I.
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The time derivative of V satisfies the inequality

AR A O [T
v < ||l I"‘z (G—) ‘("5+?6)| [Gl
Il |y, (4 (2o k)J Izl

where k4 to k; are positive constants independent of 7 and €. The matrix of this quadratic form is

positive definite for sufficiently small € and E Hence, the origin is exponentially stable.

Moreover, the forgoing inequality is valid in £2; hence all trajectories in ) converge to the origin

as t tends to infinity. ]

23 Simulations and Experimental Results
The performance of the proposed control method is evaluated through conducting various
simulations and experiments under different conditions such as parameter variation and external

load. The nominal parameters of the used surface mount PMSM are shown in Table 1.

Three main sets of simulations and experiments have been conducted. The first set of
simulations and experiments is carried out using the nominal parameters of the motor with no
external load. In this set, we show the operation of the motor under a speed reference profile
which includes speed reversal. The first set includes the use of three different values of the
constant k,,, namely, k, = 2.5, k, =5, and k, = 10. The second set explores the effect of
both uncertainty in the parameters and decreasing € on the performance of the proposed control
method. We achieve uncertainty in the parameters by varying the motor’s parameters in the
controller. Finally, the third set investigates the effect of the external load and the influence of

decreasing € on the robustness of the control method.
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Parameter Value
Rated Voltage 200 VAC
Rated Current 5.1A
Rated Torque 3.18 N.m
Rated Speed 3000RPM
Inductance L 4.47 mH

Per Phase Winding Resistance R 0.835 Q

Torque Constant k,, 0859 V-s
Number of Pole Pairs n,, 4

Viscosity Coefficient B 0.0011 ==
Moment of Inertia J 0.0036 Kg - m?

Table 2.1. Nominal parameters of the used PMSM.

The PI controllers of the inner current loops are designed such that the currents iy and i,
are relatively fast. The proportional and integral gains of the PI current controllers that are found

to satisfy the criterion above are: k,, = 25, and k; = 1200. In all cases ldyep = 0.

There are two aspects that must be taken into account when designing the parameter € of
the extended high-gain observer. First, the assumption 7 < ¢ < 1 must hold. Second, € should
be chosen so that the best compromise between fast convergence and minimal noise
amplification is achieved. With T = 1.73 = 10™*, the value of ¢ that satisfies both criteria was
found to be 0.005. In addition, the roots of the polynomial ( 2.24 ) of the extended high gain
observer are all assigned at —1. Therefore, p; = 3, p, = 3, and p; = 1. These parameters are

used in both the simulation and the experiment. The simulations are all performed using

MATLAB-Simulink.

2.3.1 Experimental Setup
The experiments were performed in the Electric Machines and Drives Laboratory

(EMDL) at Michigan State University (MSU). Figure 2.2 shows the block diagram of the
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experiment. The host computer is used to perform multiple functions such as, providing user
interface, plotting measured quantities of interest in real-time, and building the proposed
controller’s programs on LabVIEW. The host PC is also used to deploy the controller’s programs
on the Target PC. The target PC uses the National Instruments’ real-time operating system
(RTOS) to execute the controller’s programs in real-time. The target PC communicates with the
inverter and the incremental encoder through the NI PCle-7852R card which is a real-time

multifunction Data Acquisition (DAQ) card.

Two modules of the NI PCle-7852R card are utilized in the experiment: 1)-the 16-bit
Analog to Digital Converter (ADC) module, and the Field Programmable Gate Array (FPGA)
module. The ADC is used to measure the phase currents, temperature of the IGPT’s that are used
in the inverter, and the DC-link voltage. The FPGA, on the other hand, is used to interface the
incremental encoder and provide switching signals to the inverter via a Pulse Width Modulation
(PWM) controller circuit. The FPGA module on the NI PCle-7852R runs on an on-board 40MHz

oscillator.

The incremental encoder, as shown in Figure 2.2, is connected to the shaft of the PMSM
which is also directly connected to the Induction Motor. The connection between the PMSM and
the induction motor is made with a jaw coupler that is cushioned with a rubber spider. Here, the
induction motor is used to apply load on the PMSM to assess the proposed controller’s ability to
cope with external disturbance. The induction motor is driven with a Texas Instruments’ RDK-

ACIM board.
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Figure 2.2. Block diagram of the experimental setup.
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The control algorithm is implemented with a 10kHz sampling frequency. The Hall Effect
current sensors have a maximum bandwidth of 150kHz at -1db. The position of the motor’s shaft
is measured with a 2500PPR incremental encoder. All the reported speeds from the experiment
are estimated using a separate high-gain observer that is independent of the feedback loop.

Figure 2.3 shows a picture of the experimental setup.

Figure 2.3. Picture of the experimental setup.

2.3.2 Simulation & Experiment I
In this case, the nominal parameters, which are shown in Table 2.1, are used in the
controller and no external load is applied to the motor. The motor in this case is at standstill

when the following speed profile is applied

Wrer = 100u(t) — 200u(t — 5) + 100u(t — 10)
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where

t<o0
t=0

-

The speed profile is a series of steps that will show operation of the motor for different speed

references including speed reversal. Even though Theorem 2.1 requires w,.r to be twice
differentiable, the series of steps of w,..; can be viewed as a change of initial conditions. Figures
2.4(a), 2.5(a), and 2.6(a) show the speed reference signal w,r, the desired target w* = wy.er —

e, ", and the speed of the motor from both the simulation and the experiment for the three values
of k,: k, = 2.5, k,, =5, and k, = 10, respectively. It can be seen that the proposed control
method was able to regulate the speed and shape the transient response of the speed to the
desired trajectory. It can also be seen that there is an excellent agreement between simulation
and experimental results. Figures 2.4(b), 2.5(b), and 2.6(b) show the deviation error between the
target speed and the motor speed of the simulation and the experiment. These deviation errors
further show the high performance property of the proposed control method. The results from
simulation show a maximum of 0.2% deviation error during the transient period and a zero
steady state error. On the other hand, the maximum experimental deviation error is about 4%
during the transient period and less than 0.6% during the steady state. These simulations and
experiments show the effectiveness of the proposed control method in regulating and shaping the

transient response of the speed.
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Speed of PMSM for Kw=2.5: Simulation Vs. Experimental
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Figure 2.4. (a) Simulation and experimental speed of PMSM when k., = 2.5 and using the
nominal parameters, (b) Simulation and experimental speed deviation from target
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Figure 2.5. (a) Simulation and experimental speed of PMSM when k, =5 and using the
nominal parameters, (b) Simulation and experimental speed deviation from target

speed.
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Speed of PMSM for Kw=10: Simulation Vs. Experimental
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Figure 2.6. (a) Simulation and experimental speed of PMSM when k, = 10 and using the
nominal parameters, (b) Simulation and experimental speed deviation from target
speed.

2.3.3 Simulation & Experiment IT

In this case, the effect of varying the nominal parameters on the proposed control method
is investigated. In all experiments of this section, the PMSM is at full stop when a speed step
reference of 100 rad/sec is applied at ¢ = 0. Also, in all experiments the PMSM is not
externally loaded. There are 18 experiments that have been conducted for this investigation and

they are summarized in Table 2.2.

Table 2.2 shows the maximum experimental transient deviation error for k, = 5 and for
two values of €. It can be seen from Table 2.2 that perturbing the winding resistance R and the
coefficient of viscous friction B have minimum to no effect on the performance of the proposed
control method when compared to the case when no parameters perturbation is present. On the

other hand, decreasing the moment of inertia | affects the performance of the proposed control
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method the most while moderate effect is caused when the torque constant k,, is perturbed. It
can also be seen that when € is decreased, the maximum transient deviation error is also
decreased which has been predicted in Theorem 2.1. Figures 2.7 and 2.8 show samples of the

speed when J and k,, are varied from their nominal values.

Figures 2.7(a) and 2.8(b) show simulation and experimental results when the nominal
value of the moment of inertia /| was decreased by 50% and the nominal value of the torque
constant k,, was increased by 25%, respectively. Both figures show the commanded speed, the
desired target system, and the speed of the motor for k,, = 5 and € = 0.005. In both cases, the
proposed control method was able to regulate the speed, and to a great extent, shape the transient

response to the desired trajectory despite parameter uncertainties.

Speed of PMSM for Kw=5: Simulation Vs. Experimental

T T T T T T
100
~
@
=
£
~ 50+ — Wref | A
= *
) _—w
o
(2' == = Wsim
0 350% [ Weap |
1 I I I I I 1 I I
0 0.5 1 1.5 2 2.5 3 3.5 4 45 5

(@

Speed Deviation from Target System
T T T T T

T T

Q 4 —w - Wsim |
E -———w -,
= \ exp
z 2 ‘g -
£ ,
L g b R g 4 P - W1y i @ NTITIOAY

R ANl Gas s D i
k>
S-2r 4
2
@ J-50%

-4t 1 1 1 I 1 I 1 I i B

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s)
(b)

Figure 2.7. (a) Simulation and experimental speed of PMSM for k,, = 5 and when the moment
of inertia J is decreased by 50%, (b) Simulation and experimental speed deviation
from target speed when the moment of inertia J is decreased by 50%.
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Speed of PMSM for Kw=5: Simulation Vs. Experimental
T T T T T T T T T

100

Speed (rad/s)
h

Km+25%

2 2.5

(a)

3 3.5 4 4.5 5

Speed Error (rad/s)

Speed Deviation from Target System

Km+25%
1

*
W — Wsim

* N
- W = Weaxp

Figure 2.8. (a) Simulation and experimental speed of PMSM for k, = 5 and when the torque
constant k,, is increased by 25%, (b) Simulation and experimental speed deviation

2 2.5

Time (s)

(b)

3 3.5 4 4.5 5

from target speed when the torque constant k,, is increased by 25%.

) Maximum Experimental
Perturbation ) .

Transient Deviation Error

Kkm Ji R B e =0.01 e =0.005
0% 0% 0% 0% 2.07% 1.63%
+25% | 0% 0% 0% 3.7% 1.78%
—25% | 0% 0% 0% 3.11% 1.65%
0% | +50% 0% 0% 4.62% 2.61%
0% | —50% 0% 0% 9.13% 5.57%
0% 0% |+4+200% | 0% 2.35% 1.70%
0% 0% |—-100% | 0% 2.26% 1.67%
0% 0% 0% +50% 2.13% 1.71%
0% 0% 0% —50% 2.18% 1.74%

Table 2.2. Maximum Experimental Transient Deviation Error

Figure 2.7(b) and 2.8(b) show the deviation error between the target speed and the motor
speed for simulation and experimental results when the nominal value of the moment of inertia J

was decreased by 50% and the nominal value of the torque constant k,, was increased by 25%,
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respectively. These deviation errors further show the high performance property of the proposed
control method. The results from simulation show a maximum of 4.9% deviation error during
the transient period while the maximum experimental deviation error from the target system is
about 5.57% during the transient period. However, the experimental deviation error in the steady
state is less than 0.5%. The maximum deviation error occur when the nominal value of the

moment of inertia J is decreased by 50%.

It can also be observed that simulation and experimental results are very close to one
another that they almost overlap. The deviation errors further show the extent of this agreement.
The agreement between simulation and experimental results is a very important feature to have
since it allows development and testing of the controller in simulation before testing it in real life
applications. This also has the potential of replicating many circumstances that are otherwise
impossible to do in real life or that they will cost money and resources. This experiment shows
the effectiveness of the proposed control method in shaping the transient response and regulating

the speed of the motor despite varying the parameters.

2.3.4 Simulation & Experiment I11

This case investigates the effectiveness of the proposed control method when the PMSM
is externally loaded. The PMSM, in this case, is regulated at a constant speed of 100 rad/sec.
Then, a step of external load of about 2N - m was applied at t = 3s and removed at t = 7s.
Figure 2.9(a) and (b) show the PMSM’s speed from the experiment before and after the external
load was applied for k,, = 5 and k, = 10, respectively. In addition, both plots show the effect

of reducing ¢ on the performance of the proposed controller against the external disturbance.
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It can be seen that at the moment the external load was applied the speed of the motor in
all cases briefly dropped but recovered quickly and the speed is maintained at 100 rad/sec. At
the moment the external load was applied; however, the cases where & = 0.005 show a
maximum speed loss of about 7% while the cases where € = 0.01 show a maximum speed loss
of about 15%. This result is expected since a smaller ¢ leads to a faster disturbance estimation
and thus faster controller reaction. Similar behavior can also be observed at the moment when

the external load was removed.

This experiment shows the effectiveness of the proposed control method in the presence
of external disturbance. The robustness of the proposed control method against external

disturbance is due to estimating the disturbance and cancelling it in the control law.
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Figure 2.9. Speed of PMSM before and after the external load was applied.
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2.4 Comparison with the PI Speed Controller

2.4.1 Description of the PI Speed Controller
Since this paper introduces a new method to control the speed of PMSMs, it is natural to
compare it with the most widely used speed control method in industrial and commercial

electrical drive systems.

Nearly all speed control methods of electrical drive systems that are used currently in the
industry utilize cascaded PI controllers [36][4]. There are several versions and variation of the
cascaded PI speed control of electric motors that can be found in [1], [3], [4], and [36]. Here, we
have chosen to compare our speed control method with the version that is presented in [4]
and [36] since they are most recent and both claimed that the control method that they have
presented is the most used speed control method in electrical drive systems. The main difference
between the version of the cascaded PI speed controller in [4] and [36], and the versions
presented in [1] and [3] is that in [4] and [36] the cross coupling between the current equations is
cancelled by using nonlinear feedback through the control inputs u,; and u, leaving the

mathematical model of the PMSM linear.

All of these references except [36] assumed the speed is directly measured when
presenting the cascaded PI controller and a speed observer was not discussed. In [36] a speed
estimator is described to have a position differentiator in series with a low-pass filter. Thus, the
speed estimator constitutes a high-pass filter from the measured position to the estimated speed.

Figure 2.10 shows the complete cascaded PI speed controller that is used here for comparison.
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Figure 2.10. Block diagram of the PI speed controller.

The development of the cascaded PI controller is straightforward. The direct and

quadrature voltages are given by
Ug = kpeq + x4 — npLdi,
ug = kpeq + x4 + Ny Liig + k@

where ey, e,, x4, and xgare defined as in ( 2.1 ), (2.2), (2.4 ), and ( 2.5 ), respectively. The

quadrature current reference i, y is the output of the PI speed control loop and is given by

t
ey = ooy = 0) i | (irey 6 ~ 30 at
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where h, and h; are the proportional and integral gains of the PI speed controller, respectively.

Furthermore, the speed estimate @ is defined by

where h, is the speed estimator time constant. It can be seen that decreasing h, decreases the
simultaneous speed estimation error but on the other hand increases quantization noise of the
optical encoder. It should be noted that the decoupling of the current equations is exact only

when the true parameters of the machine are accurately known.

2.4.2 Experimental Setup and Tuning

The performance of the proposed control method is further evaluated here by comparing
it to the PI speed controller through two experiments. The first experiment is conducted to show
the speed tracking ability of the proposed controller in comparison to the PI speed controller. The
second experiment is performed to test the robustness of the proposed controller against external
load in comparison to the PI speed controller. These experiments are exactly conducted for both
controllers. This will allow us to draw a final conclusion about the performance of the proposed
control method in comparison to the PI speed controller. The nominal parameters of the used

surface-mounted PMSM are shown in Table 2.1.

The PI controllers of the inner current loops are designed such that the currents iy and i,
are relatively fast. The proportional and integral gains of the PI current controllers that are found

to satisfy the criterion above are: k,, = 20, and k; = 2500. In all cases i4 , ;= 0. These values

are used for both controllers. For the proposed controller, we choose € = 0.001 and the roots of
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the polynomial ( 2.24 ) of the extended high gain observer are all assigned at —1. Therefore,

p1 = 3, p, = 3, and p3; = 1. Also, we choose the gain k,, = 60.

There were over 80 experiment runs conducted to fine tune the cascaded PI speed
controller. Only about 30% of these experiment runs were considered. The remaining 70% were
discarded because they were too oscillatory, they have slow responses, or an unacceptable
performance when an external load was applied. Only three pairs of the speed PI gains were
selected out of the considered 30%. They were selected based on overshoot and disturbance
rejection, so for example; out of all transient responses that have an overshoot <2% we selected
the one that has the best disturbance rejection. A summary of the selected tuning gains are shown
in Table 2.3. The estimator time constant h,=0.0032 was found to provide fast convergence and

an acceptable noise amplification.

Gain Pair # | Overshoot % h;, h;
1 <2% 1 1
2 <5% 1 10
3 <10% 1 30

Table 2.3. PI speed controller tuning parameters.

2.4.3 Experimental Results

2.4.3.1 Experiment I
In this case, the nominal parameters, which are shown in Table 1, are used in the
proposed controller and no external load is applied to the motor. The motor in this case is at

standstill when the following speed profile is applied,
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Ezltz for 0<t<ty

ast + C; for t; <t<t,
Cl).,-ef = A 1

—Ezlt2+zzt+C2 for t, <t <t

\ C; for t3<t

where z; = 310719, z, = 21554, a; =1554, (; =—-3.884, (, =—647.6, (3 =100,
t; = 0.005, t, = 0.0644, and t; = 0.0694. The speed profile is designed to be relatively fast

and the maximum required acceleration does not exceed the motor’s capability.

Figure 2.11(a) shows the speed reference signal w,s, the speed of the motor w when the
proposed controller is used, and the speed of the motor wp; when the cascaded PI controller is
used with different pairs of PI gains. It can be seen that the proposed controller was able to
control the speed of the motor to closely track the reference speed while the PI speed controller
was not able to perform as well as the proposed controller. Figure 2.11(b) shows the speed
tracking error between the speed reference w,.r and the motor speed for both controllers. This
figure further shows the performance difference between the proposed controller and the

cascaded PI speed controller.
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Speed of PMSM: Proposed Controller Vs. PI Controller
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Figure 2.11. (a) Experimental speed of PMSM, (b) Experimental speed deviation from reference
speed.
2.4.3.2 Experiment 11

This case investigates the effectiveness of both the proposed control method and the PI
speed controller when the PMSM is externally loaded with a step disturbance as well as a time-
varying disturbance. The PMSM, in both of these case, is regulated at a constant speed of 100

rad/sec. Then, the external load is applied.

Figure 2.12(a) shows the speed of the motor w when the proposed controller is used, and
the speed of the motor wp; when the PI speed controller is used with different pairs of PI gains
when the load is applied to the PMSM. The load is a step of about 2N - m which was applied at
t = 10s and removed at t = 20s. It can be seen that at the moment the load was applied, the
speed of the motor in all cases dropped then recovered and the speed was maintained at

100 rad/sec. This behavior is expected from the proposed controller because there is an
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integral action that results when the proposed controller is used in the presence of constant
disturbance which leads to zero steady state error. Similarly, the PI speed controller relies on the
integrator part of the PI controller to yield zero steady state error. There is however difference in
how much the speed drops at the moment the load was applied and also how fast the speed is
recovered. One can see that the step disturbance caused the speed of the motor to drop about
2.5% when the proposed controller is used while it caused the speed to drop about 5% when the
PI speed controller is used. It can also be seen that the proposed controller was able to recover
the speed relatively fast while the PI controller requires high integrator gain to achieve similar
recovery time. Similar behavior was observed at the moment when the external load was

removed which is shown in Figure 2.12(b).

Speed of PMSM: Proposed Controller Vs. PI Controller
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Figure 2.13 shows the speed of the motor w when the proposed controller is used, and the
speed of the motor wp; when the PI speed controller is used with different pairs of PI gains when
a time-varying load is applied to the PMSM. The load is about 1 + 0.75sin(50 * (¢ — 10))
which was applied at t = 10s. It can be seen that the proposed controller was able to keep the
peak-to-peak steady state error less than 3.5rad/s while the smallest peak-to-peak steady state

error resulting from using the PI speed controller is about 5.5rad/s.

Both experiments show the effectiveness of the proposed control method in the presence
of external disturbance. The robustness of the proposed control method against external
disturbance is due to estimating the disturbance and cancelling it in the control law. On the other
hand, the PI speed controller’s robustness depends on dominating the effect of disturbance and
thus requiring very high controller gains which affects the transient response. This poses a
compromise between transient response and robustness against external load which does not

exist in the proposed controller.

Speed of PMSM: Proposed Controller Vs. PI Controller
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Figure 2.13. Speed of PMSM when the time-varying external load was applied.

2.5 Conclusion

A high performance control method has been introduced to regulate and shape the

transient response of the speed of a PMSM to match that of a target system. We use an extended
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high-gain observer, which is driven by the measured rotor position, to estimate both the speed of
the motor and the disturbance. Then, these estimates are used in a feedback linearization law to
shape and regulate the speed of the motor. The extended high-gain observer is designed based on
a reduced model of the system. The model is reduced by creating fast current loops which allow

us to utilize singular perturbation theory.

Performance and robustness of the proposed control method are confirmed by
demonstrating extensive simulation and experimental results that includes different operating
conditions. The results also show that there is a very close agreement between simulation and
experimental data which is a very important aspect from the design point of view. It allows

development and testing of the controller in simulation before testing it in real life applications.

Finally, we have compared the performance of the proposed control method to the PI
speed controller. The experimental results showed that the proposed control method is superior
to the PI speed controller in three different ways. First, the PI speed controller required much
more tuning effort than the proposed control method. Second, the proposed controller performed
much better tracking a speed reference signal than the PI speed controller. Third, the proposed

controller showed more robustness to external load than the PI speed controller.
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CHAPTER 3

In Chapter 2, we have introduced a new method to control the speed of surface mount
PMSMs. In this Chapter, we will show the extension of this control method to solve the problem
of sensorless control of PMSMs. The proposed sensorless control method is a back-emf based
control scheme. Therefore, we will first revisit the model of the PMSM in the a-p coordinates
and identify the back-emf signals. Then, we will design the back-emf observer in the same
coordinates. Next, we transform the model of the PMSM to the d-q coordinates, which is
performed using the estimated position, and close the loop around the currents with relatively
fast PI controllers. After that, we reduce the model of the PMSM and design a third order Q-PLL
extended high-gain observer as well as the speed feedback controller. Then, we perform a
rigorous stability analysis of the closed loop system. Finally, we show simulation and

experimental results to verify performance and robustness of the proposed controller.

Speed Control without a Position Sensor
The goal is to design an output feedback controller that can achieve the following

objectives:

1) Regulating the speed of the PMSM to a reference signal w,..; using only current
sensors without a position sensor, in the presence of both bounded external load

T, and parameters uncertainty.
2) The ability to shape the transient response of the speed; when the absolute
values of the motor and command speeds are above a certain value, to match

that of a target system.
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Since the proposed sensorless control method is back-emf based, let us rewrite the mathematical

model of the PMSM to identify the induced EMF signals

di

Ld—fz—Ria+Va+ua (3.1)
di

Ld—fz—Ri3+Vﬁ+uﬁ (3.2)
dw o . 313

]E = km(—ig sin(n,0) + iz cos(n,0)) — Bw — T, (3.3)
do
= 34
LT (34)

where V, and Vp are the two-phase equivalent induced EMF signals, which are defined by

V, =knw sin(npe) (3.5)

Vg = —knw cos(npe) (3.6)
The back-emf signals V,, and Vp appear explicitly in the mathematical model of the PMSM in the
a-p coordinates. These signals can be considered as disturbance inputs into the current equations
(3.1)and ( 3.2). The electric subsystem of the PMSM is in a standard structure that is suitable
for a class of disturbance observers; especially extended high-gain observers, which can be
directly used without complex manipulation of the equations. Therefore, this model will be used
for the estimation of the back-emf signals as a first step towards the estimation of the position

and speed of the motor.

3.1  Proposed Control Algorithm

As indicated above, our proposed control scheme is an extension of the control method
that was introduced in Chapter 2 to the position sensorless case and it is a back-emf based

control strategy. Figure 3.1 shows the block diagram of the proposed control scheme.

57



DC-Link

R L

a >
af o —-
Up | pwm || 3-Phase
(1)7”6 £ " | Controller =™ [nverter
. Q_Z) ™ Feedback uC e
4 | Linerization abc > —>
Ly |\abc|la
! Hall
l'C Effect
i . [« Current
5 q lB ib Sensors
4
A dq of
0 A
pa Q-PLL :G“
(0] . A | Back-emf Extended
Extended High- o . .
A . | High-gain Observer
) | gain Observer |
PMSM

Figure 3.1. Block diagram of the proposed sensorless control algorithm.

The measured currents are used to drive the back-emf extended high-gain observer. The
estimated back-emf signals 6, and 65 are fed to a third order Q-PLL (Quadrature Phase Lock
Loop) that is designed based on a reduced d-q model of the PMSM and formulated to operate as
an extended high-gain observer. The Q-PLL estimates the position and the speed of the rotor as
well as the disturbance that is present in the speed equation. The estimated position is then used
to transform the currents i, and iz from the stationary a-B coordinates to the rotating d-q
coordinates for the field oriented control technique. We close the loop around the d-q currents
with PI controllers that are designed to be relatively fast. As a result, the time separation between
the electric subsystem and the mechanical subsystem of the PMSM is increased. Thus, we induce
a two-time scale system which facilitates the reduction of the system using singular perturbation

theory. Finally, the estimated speed and the estimated disturbance are used in a feedback
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linearization law to generate a control reference signal for the torque producing current i;.

Hence, the output feedback controller that would achieve the objectives is accomplished.

3.1.1 Back-emf Extended High-Gain Observer

The electrical subsystem of the mathematical model of the PMSM in the a-B coordinates
(3.1)and(3.2)is used to design the back-emf extended high-gain observer. Before we proceed
to design the back-emf observer, we first need to rewrite the electrical subsystem in the nominal
form since we have assumed that the true parameters are not exactly known. Let R and L be
respectively the nominal values of R and L, then the nominal model of the electric subsystem

takes the following form:

di R 1
d_;:_fla-l_fua-l_o—a (37)

di R 1
5 .
dt L s fuﬁ o (3:%)

where 0, and oy are the disturbances, which are defined by

—lv R R\ +(1 1) (39)
G"‘_L o L1 lg 171 Ugy .
1 R R\ 1 1
aﬁszﬁ— Z_f lﬁ‘}'(z—f)uﬁ (310)

The definition of the disturbances g, and op include the back-emf signals as well as perturbation

terms. The perturbation terms are present because of our assumption that we only know the
nominal model of the system. The perturbation terms can be viewed as state dependent noise and

their sizes depend on how close the nominal values R and L to the true values R and L.
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Now, the back-emf extended high—gain observer can be designed based on ( 3.7 ) and

(3.8)as
di R 1  hy
—d::—fla+fua+0'a+7(la—la) (311)
s _h o
0g = — (ig — o) (3.12)
U
di R 1 h
B _ A ~ 1. R
praai A A R R Chel’)) (3.13)
A h2 . N
Gﬁzu_z(lﬁ_lﬁ) (314)

where i, and iz are respectively the estimates of i, and ig, and 6, and 63 are respectively the
estimates of the disturbances o, and op.The constants h; > 0 and h, > 0, and u is a positive

small parameter which satisfies the inequality 0 < p < 1.

3.1.2 Current Loops
Field oriented control requires that the mathematical model of the PMSM ( 1.1 )-( 1.4) to
be transformed from the stationary o-B coordinates to the rotating d-q coordinates. This

transformation is achieved using the following Park transformation
la]l _ ran [ Ual oAy [Ya
[l.q] =7(9) [iﬁ], and [] = 7(9) [

where 0 is the estimated position, iz and [4 are respectively the estimates of the direct-axis and
quadrature-axis currents, ug and u, are respectively the direct-axis and the quadrature-axis input

voltages, and
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cos(npé) sin(npé)

T(é): —sin(npé) COS(npé)

is the Park transformation operator. This transformation is normally done using the position 8 of
the rotor as in Chapter 2. However, 6 here is not available for measurement and we perform the
transformation using the estimated position 8. Therefore, the mathematical model of the PMSM

in the estimated d-q coordinates, which is derived in Appendix B1, is given by

%z—%id+kmesin(np[9—§])+npi—fiq+%ud (3.15)
%z—%iq—kmecos(np[H—é])—npfl—fid+%uq (3.16)
- "]—m(—id sin(ny [0 — 0]) + i, cos(n, [0 — 0])) —?w —]lTL (3.17)
%:w (3.18)

Now, we close the loops around the electric subsystem ( 3.15 ) and ( 3.16 ) with relatively fast PI
controllers. Define the current tracking errors as
ed:idref_id (319)
e

q = larer ~ g (3.20)

where e; and e, are the direct and quadrature errors, iy and i are the direct and quadrature
ref Aref
current reference signals. We set ig ;=0 since iy does not produce torque. The control inputs

ug and u, are taken as
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Ug = kped + Xg

(3.21)
Ug = kpeq + x4
with
t
Xg = kl] ed({:)d{: (322)
0
t
Xq = kl-f eq(Hdt (3.23)
0

where £ is a dummy integration variable, k, and k; are respectively the proportional and integral
gains, and x4 and x, are the integrals of e4 and ey, respectively. For convenience, k,, and k; are
taken to be the same for both the direct and quadrature current loops. Substituting u; and u, into

(3.15)and ( 3.16 ) and using ( 3.19 ) and ( 3.20 ) we obtain the following current tracking error

dynamics:
de 1 . ) o .

Td_td =—eq4 + Rtk [—kmw sm(np[e — 0]) — xd] - Tnpa(lqref - eq) (3.24)
de 1 . ~

Td_tq =—e, + FES 5 [quref + k0 cos(np[e — 9]) — xq]

(3.25)

dé . diQre
+T [np E (ldref - ed) + dt fl

where T =

P is the time constant of the current tracking errors; T can be made small by
14

increasing the proportional gain k, of the PI controllers. This will help increase the time

separation between the electric and the mechanical subsystems of the PMSM.
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3.1.3 Model Reduction
As indicated above, by the smallness of 7, the electric subsystem ( 3.24 ) and ( 3.25 ) is
made faster than the mechanical subsystem. Therefore, e; and e, will reach quasi-steady-state

much faster than other state variables in the system.

The quasi-steady-state values of e; and e, are obtained by setting 7 = 0 in ( 3.24 ) and

(3.25), which yields

_ 1 _ ~
€q = RTk, [—kma) sm(np [9 — 9]) — xd] (3.26)
eq = R+ 1k, [quref + ko cos(n,[0 — 8]) — xq] (3.27)

where e, and e, are the quasi-steady-state of e; and e, respectively. The model is reduced by

substituting ( 3.26 ) and ( 3.27 ) into ( 3.17 ) and into the differential form of ( 3.22 ) and ( 3.23),

which yields
dxd kl . ~
gt R¥ k) [—kmw sm(np [0 — 0]) - xd] (3.28)
dx k;
d_tq Rtk [quref + k,,w cos(np[H 0]) - xq] (3.29)
dw ~
praa? [kpiQref + xq] cos(np[e - 0]) — a0
(3.30)
_ o 1
—1Xg sm(np [9 - 9]) - 7TL
where a; = ](:+—mkp)’ and a, = ](’;—Hip) +—. We view i, of A8 the control input for the speed

equation ( 3.30 ) and it will be used for the formulation of the feedback linearization law.
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3.1.4 Q-PLL Extended High-Gain Observer
Because we have assumed that only the nominal parameters of the PMSM are known and

that the external load T} is unknown, we rewrite ( 3.30 ) as

dw

— = qa.k,i
dt 1%

dres T Q1Xq — G0 + aq [cos(np [0 - é]) B 1] [kpiqref + xq]

(3.31)
-1 Xg sin(np [0 - 9]) +o

where &, and &, are the nominal values of a; and a5, and ¢ is the disturbance that is defined by

1
o= (a, — &) [kpiqref + xq] — (a, — @)w — 7TL

Equation ( 3.31 ) with ¢ = 0 is identical to the equation that would have been obtained had 6

been known (i.e 6 = ), there were no uncertainty in @; and a,, and there were no load

disturbance T;.

Now, we design the Q-PLL extended high-gain observer based on ( 3.18 ) and ( 3.31)

and driven by the estimated back-emf signals 6, and 65. The observer is taken as

d@_ p

b S (3.32)
dt €

ao ~ Ao~y o~ P2

Fri alkplqref+a1xq —a2w+a+£—ze (3.33)
dé  p3

=5 3.34
dt e3¢ ( )

where @ and & are respectively the estimates of w, and o, € is a positive small parameter that is
chosen such that 7 < € K 1, py, p2, and p3 are positive constants, and e is the driving error of

the observer and it is constructed by
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z: A ~
Ir — [@x Cos(npe) + g sin(npe)] for |wref| > w,
e = { npkmwref
sign(w L R - o A
tﬁ |64 cos(n,0) + 65 sin(n,0)] for |wrer| < wp

where wj, is some positive constant that determines the speed at which the choice of e is
selected, & is a positive number that is used to keep the gain of the observer under a certain limit,
and wy.r is the speed reference signal. The purpose of dividing by w;.s is to normalize the
driving error signal so the gain variation of the observer is minimized since the back-EMF

signals are proportional to the speed of the rotor.

In a very short time O(u), within which 6, and 65 reach their quasi steady state and can

be approximated by ( 3.5 ) and ( 3.6 ), respectively, when parameter uncertainty is neglected, e

simplifies to

( L ky, R
. :! W[T‘”S‘n("v[@_e])] for |wrer| > wp

sign(@yer )L [k A

Inpk#[%"wsm(np[@ - 9])] for |wres| < wy

Since the proposed controller is meant for controlling the speed of the motor in both positive and

negative directions, the sign of the true rotor speed must be known for the stability of the Q-PLL.

For this reason we multiply by sign(a)ref).

The analysis of the closed loop system; which will be presented in section 3.2, shows that
the simplified boundary layer of the Q-PLL extended high-gain observer can be represented as a

negative feedback connection of the transfer function
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k_ma)

7 Wrer (p1(e5) + pa(es) + p3)

k, w
£s)3 + 2 ——
(es) R Wrer

I'(es) =
B(p1(es)? + py(es) + p3)

and the nonlinearity

sin(np [0 — 9])
R

We use the circle criterion [34] to show exponential stability of this boundary layer. As a result,
the transfer function I'(es) is required to be SPR (Strictly Positive Real) and the nonlinearity

S > 0 which are achieved by choosing positive constants p;, p,, and p3 to satisfy the following

inequalities
P2 < ap;
2
p
p3 S L
2p, (3.35)
sin(n,[60 — 0
(lo =D
n,6 — 0]
where a > 0 is a known lower bound of ﬁﬁ—mww with B > 0. The inequalities ( 3.35 ) are
m Wref
derived in Appendix B3.

3.1.5 Feedback Linearization under State Feedback
In this section we show the state feedback speed controller that stabilizes the slow
subsystem ( 3.28 )-( 3.30 ) and shapes the transient response. This state feedback assumes perfect

knowledge of 6, w and o. Define the speed tracking error as

66



e(u = wref —w (3.36)

The speed tracking error dynamics is found by taking the time derivative of ( 3.36 ) and using

(3.31) which yields

de, dwyer
dt  dt

+&2wref _&1kplq‘r'ef _&1xq _&zew — 0 (3-37)

We desire the transient response of the speed tracking error to match that of the following target

system

de,”
dt

= ke, (3.38)

where k,, > 0. The state feedback speed control law that achieves the objectives is given by

1 dwref N . N
= [ + @ywrer + (ky — @x)e, — @1xqg — 0

lgror = 3
Tref @k, | dt

dw
2 (ew,xq, o, wref,d—;ef> (3.39)

With 6 = 8 the closed-loop system formed of ( 3.28 ), (3.29), (3.37), and ( 3.39 ) is given by
&= A€ (3.40)

T ) . .
where ¢ = [xd,xq —fq,ew] , X4 1s the steady state value when e, = 0 which satisfies the

equation

dfq— ki RY|0,x,,0,w %+kw - X
dt _(R-l-kp) rAqr Yy Wref dt m@Pref q

and
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__k 0 0
R+ ky,
A1 == ki ki 2 B (341)
0o - _ k.2 — R (k ——)
k, kmkp< m J (Fo ]
0 0 -k,

The matrix A; is Hurwitz.

3.1.6 Feedback Linearization under Qutput Feedback
In this section, we derive the output feedback speed controller using the estimated speed

and disturbance. The speed tracking error is obtained using ( 3.31 ) and ( 3.36)

de, dwrer
dt  dt

+ @yWrer — Arkply,,, — Q1% — G28, — O (3.42)

Since we desire the transient response of the speed tracking error to match ( 3.38 ), the speed

controller can be taken as

1 dwref N A N .
[ + @y wrer + (ky — @2)é, — @1xqg — G

dw
2 ) <éw,xq, 5, wref,—”’f> (3.43)

where €, = Wyef — @.

The peaking phenomenon of the high-gain observer is suppressed by saturating the
controller outside the compact set Q; = {TP,;& < ¢;} where P, = PI' > 0 is the solution of the
Lyapunov equation P;A; + ATP; = —Q, for some Q; = QT > 0, ¢; > 0 is chosen such that £(0)

is in the interior of {); and
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max

Tas (3.44)

dmax

where i, is the limit of |iq | The above inequality is possible if

d(l)ref

‘zp <O,fq,a, wref,7> <i

dmax

which restricts w,.f, and T;,. The control law is then given by

dres 7 (3.45)

where M

= l‘lmax :

3.2 Closed Loop Analysis

Analyzing the stability of the closed loop system of the proposed sensorless control is not
an easy task because it is highly nonlinear and there are twelve states. However, since the system
was designed to be a multi-time scale one, we will use the singular perturbation theory to study
the stability of the closed loop system. To simplify the closed loop analysis, we will assume
exact knowledge of the inductance L and the resistance R. However, the effects of all parameter

uncertainty will be investigated in the simulations and experiments part of this chapter.

Theorem 3.1: Consider the closed loop system formed of the PMSM model ( 3.1 )-( 3.4), the
back-EMF extended high-gain observer ( 3.11 )-( 3.14 ), the PI current controllers ( 3.21), the
O-PLL extended high-gain observer ( 3.32 )-( 3.34 ), and the speed controller( 3.45 ). Assume

that
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dWref d dzwref

> —2are bounded

]) wref:
dTy,
2) T, and —; are bounded

3) i @ 5q>0

km Wref

1 kmAmax(P2w |km |
) 3 Ain(Py) — LrmemanPe [Zn) _q| >

sin(np[6-8])

Y Tulear 0P

6) §(0) is in the interior of 2, and the initial states i,(0), iz(0), 15(0), i5(0), G,(0),

65(0), @(0), and 6(0) are bounded

Then, there exist positive constants Aq, A, and A3 such that for € < A4, E < Ay, and % < A3, the

trajectories of the closed loop system are bounded for all t = 0, and
lew () —eu(®)| = 0ase —0,~—0,and =~ 0 forall t 2 0 (3.46)

Proof: The closed-loop system is represented as a three-time-scale singularly perturbed system.

The state variables are taken as

] PP L 3
E1=xq, &=x,—%;, &3=¢,, n1:8—2(0—9)—£2npsm (;mph—zw>,

772:;(0)_(‘)):

40,

1
ns = (&, — &) lkpMﬁbs <7> + qu —(a; — @)w — TTL -0,
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K
R+k

1 o o
Zg = —lg + W Sin(npe) + Rk [xd cos(npe) —Xq Sin(npe)]
P P

k YO\ 4
- +Pkp M¢s( o )sm(an),

k 1 ~ ~
zg = —ig — R +mkp W cos(npe) + m [xd sin(npe) + x4 cos(npe)]

k Q. ~
+ - +Pkp Mo, (7> cos(n,0),

1 L L (km ~
Vg1 = ;%(La —1y), Vg2 = m<Tw sm(npe) - aa),

1 L , L k .
g1 = 2 i = 19), 52 = = (~ e cos(ny6) — 35

Va1
1 N1 Za Vo
f=[fz], Tl=['72]’ Z:[Zﬁ]’ V=g,

53 n3 17[92
where ¢, is an odd function defined by
(y for0<y<1
¢£(y):{y+ P forl1<y<1l+e
| €
(1+ 3 fory=1+¢

which is a continuously differentiable nondecreasing function with a locally Lipschitz derivative
and bounded uniformly in € on any bounded interval of €. Furthermore, the function ¢, satisfies

|sat(y) — ¢ (| < -and [¢;()| < 1VyeR.

For £€Q4, the closed-loop system is described by

E= A8+ A +ef,() (347)

71



£ = a0+ BuSy 4+ BoS; + 500 + ) + efs0) + 1)
th = —2+ <f0)+ efs0) + ()

Tokm
Uv = Asv + —— 7 " B3z +— f10() +ef11() + ufi2 ()

where 1, = giz, A; is defined by ( 3.41),

__ k_mw 1 _k_m (wref_fs)
Pon oy 0 10 ~h 1 0 0 T
1 k_mw _ _hZ 0 0 0 _ k_m(wref_&)
AZ N lgﬁm Wref P2 0 1 ’ A3 N 0 0 _hl 11’ B1 N km Wref
_ k_m (wref_f3) 0 0 _hZ 0 k_m (a)ref—f3)
'8 km Wref P3 0 0_ [ km Wref
[ 0 0 ]
. 2 l
B, = 8 B =| sin (npe) —Zsm(an )I S = _ [sin(eznpnl)_ﬁ n
2 1 ’ 3 | ) 0 0 |; 1 Eznpm 1,
[—Esin(ane) cos?(n,8) |

_ p3km(wref 53) lp() SlTL(E inh)
S = - G- )¢>g< >

kmwref &? nP

P1

P2

3

(3.48)

(3.49)

(3.50)

A, and A3 are Hurwitz matrices by design. The functions f;(*) to fi,(*), which are given in

Appendix B4, are bounded by

IAON < kpllzll + ka, IOl < ka, 101 < kpllzll + kollvll, IOl < kpllzll + ka,

IfsOIl < kellnll + kplizll + kallvll + ka, [1fsCI < Ekcllnll + Ekd,

17O < kellnll + kallvll + kas NIfsONl < ka, /oIl < kg + kallvll + kelinll + ks Iz,

10O < ellnll + kallvll + ko, i Ol < ekellnll + % kg,

/12O < kallvll + kpllzIl + kelinll + kq.
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Moreover, f; vanishes at 4 = 0,7 = 0, and z = 0 and f; vanishes at z = 0 and v = 0.

For 7 K ¢ < 1, the system ( 3.47 )-( 3.50 ) is singularly perturbed with three-time-scales.

In the fastest time-scale, the boundary layer model is

T2 =—2Z

Tokm

ﬂﬁ = A3v + B4_Z

which is exponentially stable by design and it was obtained by setting u =0, t=0, € =0,

% = 0, and E = 0 on the right-hand side of ( 3.49 ) and ( 3.50 ). The quasi-steady-state of this

model is z = 0 and v = 0. In the next time-scale, the boundary layer model is
877 = Azn + Blsl + stz (3.51 )

which was obtained by setting 4 = 0, € = 0, % =0, v =0, and z = 0 on the right-hand side of

" and 1N, =13 = 0 where m € Z.
p

( 3.48 ). This boundary layer has equilibrium points at n; =

&2n
For odd values of m, it can be easily shown by linearization that the corresponding equilibrium
points of the boundary layer ( 3.51 ) are unstable. For even values of m, however, it is sufficient

to study the equilibrium point that corresponds to m = 0, because not only does shifting the

m

equilibrium point by

52: leads to the same boundary layer but also to the same closed loop
(4

system. This is due to the fact that 1, only appears as an argument of the sine and cosine

functions throughout the closed loop system.

With m = 0 and the output equation y = Cnp where C =[1 0 0], the boundary layer

system ( 3.51 ) can be represented as a negative feedback connection of the transfer function
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k, W

= oF (p1(es)? + py(es) + p3)

&

['(es) =

(e5)° + 2225 B (P (£5)2 + po(e5) + p3)

m

and the nonlinearity S;. The nonlinearity B, S, is considered as disturbance to the boundary layer
of n-equation. The transfer function I'(es) is strictly positive real if and only if p,, p,, and p5 are

chosen positive and the following inequalities are satisfied

p2 < ap,?

.022

<z
P3—2p1

where a > 0 is a known lower bound of ;_mwi with f > 0. The nonlinear function S; belongs
m Wref

to the sector [f3, oo] provided the following sector condition holds

> B or equivalently rewritten as % > [ (3.52)
ol6-

sin(?npn,)

e2npny

We use the circle criterion [34] to show that the origin of the boundary layer of ( 3.51 ) is
exponentially stable. We Use the Kalman-Yakubovic-Popov lemma [34, Lemma 6.3] to obtain a

quadratic Lyapunov function; that is,

1
Vo) = EUTPZTI (3.53)
where P, is the positive definite symmetric solution of the Kalman-Yakubovic-Popov equations

P,A, + A,"P, = —=NTN — (P,

PZBl = CT
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where ¢ > 0. It can be shown that the time derivative of ( 3.53 ) along the boundary layer ( 3.51)

satisfies

(Amin (Pz)

) kA P)w
V() < — P3 "‘“’“( 2) |———1H lInll?

1
2
which shows exponential stability of the boundary layer ( 3.51 ) provided that

P3km Amax(Pz)w

(Amin(PZ) - ———-1!1>0

kw* ‘km]

Finally, the slow subsystem reduces to é = A;& which is exponentially stable and was obtained

by settingn =0,z=0,u=0,and e =01in ( 3.47).
Consider the set

Q=0 x{W(,zv) < £?c,}

where £ = max( ) and W(n,z,v) = nTPn += -z Tz + rvTPyv in which P; = PT > 0 is the

solution of the Lyapunov equation P3A; + ALP; = —Q5 for some Q3 = QF > 0. Similar to

arguments used in the analysis of high-gain observers [34], it can be shown that, by choosing
c, > 0 large enough, the set () is positively invariant for sufficiently small &, E, and % This is
accomplished by showing that V; < 0 on the boundary of Q,, and W < 0 on the boundary

W = ’BZCZ.

At the initial time, (n(O),v(O),Z(O)) could be outside the set {W(n,z,v) < £%c,} but
would move rapidly toward the set and will reach it within an interval [0,T(£)], where

lim,_,y T; (£) = 0. Since the initial states £(0) are in the interior of Q;, choosing ¢ small enough
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ensures ¢ does not leave Q,, and by the end of this interval (&, 7, z, v) would be in the positively

invariant set ().

Now, the limit
le, (t) —en,(t)| > 0ase -0, E -0, and% - 0forallt =0

follows from the continuous dependence of the solutions of differential equations on

parameters [34, Theorem 9.1] and exponential stability of the subsystems

T2km

J

é :Alf’ 877 :Azn +B151 +stz, TZ = —Z, and [M} :A3v+ B3Z. |

33 Simulations and Experimental Results

The proposed control method is tested in two ways to assess its performance and its
feasibility in practical settings. Firstly, the closed loop system is tested in simulation using
MATLAB Simulink. Secondly, the closed loop system is tested in an experiment for further
validation of the control method. The experimental setup is exactly the same as what was
described in Section 2.3.1. The position measurement is only used here for the purpose of
comparison and is not used in any way or form in the feedback controller. Table 3.1 shows the

nominal parameters of the used surface mount PMSM.

For all simulations and experiments, the following controller parameters are used.

®_ before we choose the controller

) k
However, we have to first determine a lower bound of %"w
m Wref

. ~ k 5
parameters. According to [3], k,, can vary as much as 20%. Therefore, we set k—ng.

m

Additionally, we allow w to vary around w,.r by 25% which sets 2 = %’ We choose the

Wref

parameters of the Q-PLL extended high-gain observer p; = 3, p, = 3, and p; = 1, and they are
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Parameter Value
Rated Voltage 200 VAC
Rated Current 5.1A
Rated Torque 3.18 N.m
Rated Speed 3000RPM
Inductance L 4.47 mH

Per Phase Winding Resistance R 0.835Q

Torque Constant k,, 041 V-s
Number of Pole Pairs n,, 4

Viscosity Coefficient B 0.0011 ===
Moment of Inertia J 0.0022 Kg - m?

Table 3.1. Nominal parameters of the used PMSM.

chosen such that the linearized boundary layer of the Q-PLL extended high-gain observer with

no parameters perturbation and w = w,.r has negative real roots at —1. We also choose

|9 -0 | < %. Now, f is within the following inequality

P2 < sin(np [0 — é])
lf_m w p 2 Tl,p[e - é]
km Wref !

0.533 < <0.637

which was obtained using the inequalities ( 3.35 ). The current transient response is needed to be
relatively fast. Therefore, the proportional and integral gains of the PI current controllers are
chosen as: k, =25, and k; = 2500, respectively, which makes 7 =1.73 X 10~*. The
parameters of the back-EMF observer are: h; = 2 and h, = 1, and they are chosen such that the
matrix A; has negative real eigenvalues at —1. In addition, with T = 1.73 X 10™*, u = 0.0001
was found in the simulation and the experiment to provide relatively fast estimation of the back-
emf signals as well as providing low noise amplification. Once p has been determined, € =

0.0085 was found to have the best compromise between fast estimation of the Q-PLL variables

and low noise amplification in both the simulation and experiment. Now, the ratios E = 0.02 and
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8% = 1.38 are within the recommended values that are provided by Theorem 3.1. For fast speed

error decay we choose k,, = 60.

The speed profile that is used for both the simulations and the experiments is given by

(1,
Ezlt fOT 0St<t1
_<af1:+C1 for t; <t<t,
Wyrer = 1
—§z11:2+z2t+c2 for t, <t <ty

\ C3 for t3<t

where z; = 310719, z, = 21554, af = 1554, C; = —3.884, C, = —647.6, (3 = 100,
t; = 0.005, t, = 0.0644, and t; = 0.0694. The speed profile is designed to be relatively fast

and the maximum required acceleration does not exceed the motor’s capability. Since this speed

. . : o . d
controller is not designed to operate in low speeds so the initial condition w,.r(0) = 50 % The

speed profile is designed to show that the proposed controller performs well with fast speed

reference transitions.

3.3.1 Simulations

There are three simulation cases that will be shown and discussed. The first case of the
simulations will be conducted using the nominal parameters of the motor and the speed reference
profile w,¢f. This simulation is intended to show the response of the closed loop system using
the controller parameters that we have come up with in the previous section. The second case
will show the response of the closed loop system when the initial condition of the term 6 — 8 is
set just under the edge of the sector. The third case will show the response of the closed loop

system when an external load is applied.
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3.3.1.1 First Simulation Case
This simulation case will show the response of the closed loop system to the fast

changing speed reference profile w,.r. In this case the motor’s initial speed as well as the
estimated speed are set to 50 %. Then, w,f(t) is applied at t = 0.1. The nominal parameters in

Table 3.1 are used. In addition, the motor in this case is not externally loaded.

Figure 3.2(a) shows the speed reference profile w,.f, the speed of the motor w, and the
estimated speed of the motor @. It can be seen that, to a great extent, the speed trajectory of the
motor under the proposed controller overlaps that of the speed profile w,... This shows the high
performance of the proposed control method to closely follow the reference speed. In addition,
Figure 3.2(b) gives a closer look at how the speed trajectory of the motor under the proposed
controller deviates from the speed reference. The maximum speed error is less than 0.7% and it

occurs during transient.

Figure 3.2(c) show the position estimation error. It can be seen that the maximum
position estimation error is less than 2° during transient and less than 1.6° during steady state.
This shows accurate position estimation which is needed for the use of field oriented control

technique.

3.3.1.2 Second Simulation Case
This simulation case will show the response of the closed loop system when the initial

position estimation error is large .In this case the motor’s initial speed, estimated speed, and

d . ..
reference speed are set to 100 % Also, the initial error between the position of the rotor and the

estimated position is set to 8(0) — 6(0) = Z—Z which is just inside the border of the sector. The
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nominal parameters in Table 3.1 are used. In addition, the motor in this case is not externally

loaded.

Figure 3.3(a) shows the speed reference profile w,.r, the speed of the motor w, and the

estimated speed of the motor @ when 8(0) — 8(0) = Z—Z. It can be seen that, initially, the speed

trajectory of the motor as well as the speed estimation has deviated from each other and also
deviated from the reference speed which is due to the initial position estimation error not being at
its equilibrium point. However, the proposed controller was able to quickly close the gap
between the motor’s speed and its estimate and also regulate the speed of the motor to the speed

reference. Simultaneously, the proposed controller was also able to quickly bring the position

estimation error down from Z—Z to its equilibrium point which can be seen in Figure 3.3(c).

3.3.1.3 Third Simulation Case
This simulation case will show the response of the closed loop system when an external

load is applied. In this case the motor’s initial speed, estimated speed, and reference speed are set
d . : . o .
to 100 % The nominal parameters in Table 3.1 are used. In addition, the motor in this cases is

loaded with a step of external load of 2 N.m applied at t = 0.3s and removed at t = 0.7s. This

will test the robustness of the proposed control method against external loads.

The speed trajectory of the motor under the proposed controller dropped about 12%
when the external load was applied at t = 0.3s, which can be seen in Figures 3.2(a) and 3.2(b).
Similar behavior can be observed at the moment when the external load is removed at t = 0.7s.
The proposed controller was able to recover the speed quickly in both cases and that is due to

estimating the disturbance and canceling it in the feedback.
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Figure 3.2. (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from

reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when 6(0) — 6(0) = 9/80x
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Figure 3.3. (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when Loaded
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Figure 3.4. (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.

3.3.2 Experiments
To show that the proposed controller can work in practical setting with excellent
performance we conducted multiple experiments. The first experiment will be conducted using

the nominal parameters of the motor and the speed reference profile w,.s. This experiment is
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intended to show the response of the closed loop system to the fast changing speed reference
profile w,.s. The second experiment will show the response of the closed loop system when an
external load is applied. The remaining experiments will be conducted to test the robustness of

the proposed control method when the parameters of the motor are perturbed.

3.3.2.1 First Experiment

The first experiment will be conducted to test the proposed controller in practical settings.
The speed of the motor in this case is brought to 50 % using the position sensor. Then, the
controller is switched to operate without the position sensor. This way the initial speed of the
motor is 50 %. The speed profile w,.f is then applied at t = 0.1. The nominal parameters in

Table 3.1 are used. In addition, the motor in this case is not externally loaded.

Figure 3.5 shows the results of this experiment. It can be seen in Figure 3.5(a) that an
excellent transient response is achieved. In addition, the proposed controller was able to quickly
regulate the speed after the transient period has passed. Figure 3.5(b) gives a closer look at how
the speed trajectory of the motor under the proposed controller deviates from the speed

reference. The maximum speed error is less than 5% and it occurs during transient.

Figure 3.5(c) show the position estimation error. It can be seen that the maximum
position estimation error is less than 4° during transient and less than 1.5° during steady state.
This shows accurate position estimation which is needed for the use of field oriented control

technique.
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Figure 3.5. (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.

3.3.2.2 Second Experiment

This experiment will test the robustness of the proposed control method against external
o . . d .
loads. The motor in this case is running at 100 % when an external load of about2 N.m is

applied at t = 0.2s and removed at t = 0.8s. Figure 3.6(a) shows the speed reference profile
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Wy, the speed of the motor w, and the estimated speed of the motor @ when the load is applied
and removed. It can be seen that the speed of the motor dropped about 12% once the motor is
externally loaded at t = 0.2s. However, the proposed controller was able to overcome the
external load and quickly recover the speed of the motor. Similar behavior can be observed when
the load was removed at t = 0.8s. Figure 3.3(c) shows the position estimation error which shows

a maximum deviation of about 4.

3.3.2.3 Third Experiment

In this section we investigate the effects of perturbing the motor’s parameters on
performance. We have conducted ten experiments each of which we perturbed a parameter at a
time. The nominal motor parameters L, J, and B are perturbed by +25% while k,, is perturbed
by £20%. The parameter R is one time perturbed by setting it to zero and a second time
perturbed by doubling its nominal value. The motor parameters are perturbed in the controller
and not physical. Because of the number of the large number of figures associated with this

section, we have moved the figures to Appendix B5. The motor in all of these cases is running at

50 % when the speed reference profile w,.f is applied at t = 0.1s.

Overall, the resulting performance of the proposed control method is excellent given
these extreme motor’s parameters perturbation. Looking at the figures in Appendix B5 one can
see that some of the perturbed parameters have more effects on the performance than others. For
example, decreasing /| by 25% caused about 10% speed error deviation during transient.
Similarly, increasing k,, by 20% resulted in a speed deviation error of about 7.5% during
transient. On the other hand, perturbing R, B, and L have an unnoticeable effect in comparison to

the case where the nominal motor parameters were used. It is expected that perturbing R would
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not have a noticeable effect on perfornace because at moderate to high speed the term Ri, and
Rig that appear in equations ( 3.1 ) and ( 3.2 ) respectively are negligible when compared to
other terms in the equation. On the other hand, we expect a noticeable effect when J and k,,, are
perturbed because they appear as the coefficients of the speed control input i, y in the speed

equation of the motor. Overall, given these extreme motor’s parameters perturbation, the

resulting performance of the proposed control method is excellent.
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Figure 3.6. (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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3.4  Conclusion

In this Chapter, a back-EMF based speed sensorless control of a PMSM has been
presented. The back-EMF signals are estimated using two extended high gain observers that are
designed in the a-B model of the PMSM. The back-EMF estimates are then fed to a Q-PLL that
is designed based on a reduced model of the system and also made to operate as an extended
high-gain observer. The Q-PLL estimates rotor position and speed, and also estimates the
disturbance. The estimated rotor’s position is used for the field oriented control technique. On
the other hand, the estimates of rotor speed and disturbance are used in a feedback linearization
law to regulate speed of the motor. In the development of the proposed controller, we only
assumed knowledge of the nominal parameters of the PMSM. Moreover, the external load is
assumed to be time-varying and unknown but bounded. In addition, we have provided a

nonlinear closed loop analysis of the output feedback controller.

The control method was successfully tested in simulations and in experiments under
multiple operating conditions. The results confirmed the high performance of the proposed
output feedback controller despite the application of unknown external load and parameters

uncertainty.

There is, however, performance degradation in comparison to the sensor case that is
presented in Chapter 2. The most noticeable performance degradation is that the proposed
sensorless controller cannot reliably be used in low and zero speeds. This limitation is inherent to
the back-EMF based sensorless control technique. Performance degradation can also be observed
in other aspects. For example, one can compare between the robustness of the proposed sensor
and sensorless cases against external load. Figure 2.12 shows that the speed dropped about 2.5%

when the proposed sensor case was used and an external load of 2 N. m was applied. Figure 3.6,
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on the other hand, shows that the speed dropped about 12% when the proposed sensorless case
was used and the same external load was applied. In both cases the speed recovered to the
reference speed but the proposed sensor case recovered faster. Note that € = 0.001 was used in
the sensor case while € = 0.0085, which is much larger, was used in the sensorless case. When
the position sensor is removed from the output feedback controller and replaced by the back-
EMF observer and the Q-PLL, ¢ cannot be reduced in practical settings as much as what was
used in the sensor case to avoid noise amplification that would render the closed loop system
unstable. In practice, noise is present in the current measurement which is directly used to drive
the back-EMF observer and indirectly used in the Q-PLL. Therefore, in the sensorless case, we
were only able to reduce € to 0.0085 in the experiment and beyond which the system becomes
unstable. On the other hand, in the sensor case, we were able to push € to 0.001. This practical
limitation of the sensorless case leads to degraded performance when compared to the sensor

case.

We would like to note that this proposed sensorless control method is our second attempt
at solving the problem of sensorless control of PMSM. In our first attempt, we used a back-EMF
based sensorless speed control technique which is the same technique that we used in the second
attempt. The main difference between our first and second attempts is that in our first attempt we
used algebraic expressions to estimate the back-EMF signals, while in our second attempt we
used extended high-gain observers to estimate the back-EMF signals. The algebraic expressions;
that were used for the estimation of the back-EMF signals, were obtained after reducing the a-§
model of the PMSM using singular perturbation theory. The reduction of the a- model was
achieved by setting L = 0 and solving for the back-EMF signals which yielded the algebraic

expressions. The consequence of this reduction is that for the equilibrium point of the closed
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loop system to be exponentially stable SLZ must be sufficiently small which in some cases it might
not be possible because L is a fixed parameter. Therefore, we have sought a second solution to
the problem of sensorless speed control of PMSM such that it does have the limitation of s%

being sufficiently small. A detailed description, development, and simulation and experimental

results of our first attempt can be found in [35].
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CHAPTER 4

Future Work

We have seen in the simulations and the experiments that the proposed sensorless
controller was able to steer the motor’s speed to follow a fast changing reference speed.
However, the proposed sensorless control method is designed to only operate in intermediate to
high motor speeds and not for low speeds since the back-EMF signals become increasingly
corrupted by noise as the motor’s speed approaches zero and eventually these signals vanish at
zero speed. This is because the back-EMF signals are proportional to the speed of the rotor. In
the experiment, we have attempted both operating the motor in very low speeds and reversing the
speed of the motor but the system sometimes becomes unstable as the motor’s speed approaches
zero. This result is not surprising for the back-EMF approach because it is unreliable for low and
zero speeds. Therefore, in the future work, we will try combining a different sensorless control

method with our proposed controller to deal with low and zero speeds.

The signal injection method is a very reliable sensorless control approach that has been
successfully implemented to control the motor in zero and low rotor speeds. The signal injection
approach uses high frequency signals, ideally much higher than the fundamental frequency, that
are injected in a predetermined fashion such that the saliency features of the rotor are excited
then exploited revealing estimates of position and speed. This approach works very well in zero
and low speeds, but, practically; it is limited by the speed of the inverter’s switches. This
limitation puts a restriction on the frequency of the injected signal which imposes a rotor speed
limit. In fact, there is a more restrictive factor on the frequency of the injected signal. As the

switching frequency increases so does the heat of the inverter’s switches which might cause
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damage to the switches. Therefore, the best solution to the problem of sensorless control of
PMSM is to use both approaches, the signal injection method for zero and low motor speeds and

the back-EMF method for intermediate to high motor speeds.

It can be easily observed that combining two controllers in the same control scheme
requires switching between the two controllers. The switching law should include a mechanism
that prevents it from trapping itself switching back and forth between the two controllers. Such
mechanism could be as simple as using two speed thresholds. When the speed of the motor is
below the low threshold, the signal injection method is used to control the motor. On the other
hand, when the speed of the motor is above the high threshold, the back-EMF method approach
is used. For speeds that fall within the two thresholds, the current control method is kept
unchanged. Hence, the two controllers must be designed such that both of them can reliably
function in the speeds above and below the two thresholds. In addition, the transition from one
controller to the other must be done in such a way that prevents unwanted observer behavior
from occurring at and just after the moment of switching. Therefore, passing the current
controller’s values of the estimated variables such as position and speed to the next controller

should greatly smooth the transition.

In addition, a very important piece to our future work is to evaluate our proposed
sensorless speed controller against existing control method. Preferably, those control methods
that are mostly used in the industry. It seems to us from some drives systems manufactures’
advertisements and catalogues that they primarily use a PI-based control scheme which is similar
to the sensorless speed control method that is presented in [16]. Therefore, in our future work we

will compare our proposed sensorless speed controller with the sensorless speed control method
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that is presented in [16]. For a fair comparison, we will follow the same comparison steps as the

comparison that we have done in chapter 2.
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APPENDIX A

Definition of Equations for Theorem 2.1
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A.1 Definition of Functions f() to f4(-), and g () and g, (-) For the Closed-Loop

Equations ( 2.30 )-( 2.32)
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APPENDIX B

Derivation and Definition of Equations for Theorem 3.1
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B1. Derivation of PMSM dq Model Using T ()

The transformation from the ap-coordinates to the dq-coordinates is given by
o] =@l @1
Ug ~ [Ua
[uq] =7(6) [ug] (B12)

cos(np @) sin(np @)

where T(@) =|_ sin (npé) cos (npe) . First, we take the time derivative of i; and i, to obtain
di di
dl: dl cos(npe) + sm(npe) + npe[ I sm(npe) + i cos(npe)] (B1.3)
di di dig % ~ ~
% = —dLsm(npe) +— cos(an) an[ia cos(npe) + ig sin(npe)] (B1.4)

Substitute (1.1 )and (1.2) for and —£. respectlvely, in equations (B1.3) and (B1.4) to obtain

% = - K [ia cos(n,0) + ig sin(n,0)] + k—mw[sin(npﬂ) cos(n,0) — cos(n,0) sin(n,0)]
BI1.5
+np0[ i sm(n,,@) +ig cos(nzﬂ)] ! [ua cos(nzﬂ) + ug sm(npe)] ( )
dip Ry . o ke 3
Frinini [—la sm(npﬂ) +ip cos(npe)] - Tw[sm(npﬁ) sm(npe) + cos(npﬂ) cos(npﬂ)] (BLS)
—npé[ia cos(n,0) + ip sin(n,0)] + % [—uq sin(n,0) + ug cos(n,0)] '
Now, using the definitions
g =g cos(npé) + i sin(npé), lg = —lg Sin(npé) + i cos(npé) ,
Ug = Uy cos(npé) + ug sin(npé), Ug = —Uq Sin(npé) + ug cos(npé), and the trigonometric
sum-difference identities
sin(x) cos(y) — cos(x) sin(y) = sin(x — y) (B1.7)
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sin(x) sin(y) + cos(x) cos(y) = cos(x — y) (B1.8)
equations (B1.5) and (B1.6) simplify to

di Rk ) ~ ~ 1
d_: = —Zld +mesm(np[9 - 9]) + n,0i, +Zud

diy, R kn

. ~ 'y 1
P —Zlq L wcos(np[e - 9]) —n,0i; + Zuq

The speed equation in the af-coordinates is given by

do  kpym, . . B 1
—= T(—la sin(n,6) + ig cos(n,0)) — 7O 7TL (B1.9)

We can transform (B1.9) into the dg-coordinates by substituting
ip =4 cos(npé) — I sin(npé)
g =g Sin(npé) + i, cos(npé);

which were obtained by solving (B1.1) for i, and ig, into (B1.9) to obtain

cjl—(: = —k]—m [sin(npe) cos(npé) - cos(npe) Sin(npé)]id
I B 1 (B1.10)
+ Tm [sin(npe) sin(npé) + cos(npe) cos(npé)]iq - 7(» - 7TL

Now, equation (B1.10) can be simplified using the trigonometric sum-difference identities (B1.7)

and (B1.8), which yields

i—i) = kTm(—id sin(np[e — @]) + i, cos(np[e — @])) - ?a) — %TL.

B2. Derivation of the Equilibrium Point
The closed loop system is given by

X'd = _kiid
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w = k]—m (—id sin(npe) + i cos(npe)) — 7(0 —-=T;

J
~ L
f=w-—o-—22 5,
ENp k™
B = koyWrep — ko® + P> 5,
e Ny kpw*
A p3L A~
o = = 04
3Ny k™
i s x (n,6) + o, + P 5
—_— = sin(n Xq + TN,o1 = G4l
dt T T T Rk, Y TRy e T e ®le T s Odla
di Ji
q .
T =l +E[kwwref (ko — a2)® — 6] — R+K, wcos(npe)
L
—T [np&)\ + ],51 " ﬁdl la
ek
. R ky 1 p1L
lg=——lg——ig+=-x4+04+—C(ig—1y) +n,di, + —— 3641
d pta= 7 lat X d‘u(d a) pqgkmw*dq
R R ky 1 A  hy . R .
tg=—7la—7lq +L—a1[kwwref — (ky — @)@ — 6] + 6, +7(lq —1,) —n,diy
NPy,
sl?ma)* 4
A 2 . . ~ A pil .
04 = l?(ld —1g) + n,06, + ﬁadaq
m
A hy . R ~ A pil .
6, = F(Lq —1,) —n,@6, — 7o o
Set the time derivatives to 0
0 = —k;iy (B2.1)
1 N R
0=k; ﬁ [kwwref —(ky —az)d — ajxq — 6] - Iq (B2.2)
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0= k]—m(—id sin(n,0) + i, cos(n,0)) — ?w - lTL (B2.3)

J
- pil
O=w-0———=084 (B2.4)
ENpkpmw
0 = kywyer — ko + —P22 6 (B2.5)
wWref w eznpfcmw* d .
psL ~
0=——FF9g, B2.6
3Ny kymw* ¢ ( )
, k . = A~ oL
0 —lg + R _|_mkp ) sm(npe) + rkpxd + ny,wly + md’dlq (B2.7)
0=—i, + J [kowrer — (ko — 2)@ — 6] — —— w cos(n,0)
ki R+ k,
(B2.8)
l ~ piL l ,
—T np(l) + — O4lla
ek, w*
R, k, 1 . h . piL .
0= —Tla=7la + 7 Xa + 6, +7(1d —ig) + n,@i, + mﬁdlq (B2.9)
R k. 1 o oq . hy,
0= AL —Tplq +L—al[kwwref — (ky — @)@ — 6] + 6, +7(lq — 1)
(B2.10)
_npoty -2 6
p@lg ko ala
h, p1L
0=—=(iy—i4) +n,w6, + ————06,0, B2.11
'uz ( d d) 14 q ekmw* aYq ( )
h, p1L 2
0=—(i; —1;) —n,06; ——= G B2.12
Hz(q q) — np®Gq o ( )
It can be seen from (B2.1) and (B2.6) that i; = 6; = 0, therefore set iy = 0 and 6; = 0
1 ~ .
0= —[kwwref — (ky —az)d — ayxq — 6] - Iq (B2.13)
kyay
0 = kpyiq cos(n,0) — Bw — T, (B2.14)
O=w-& (B2.15)
0= wWpep — (B2.16)
0 = kpw sin(n,0) + x4 + Ln, @i, (B2.17)
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o] . K 5
0=—i,+ E [kwwref — (ky, —ay)® — a] - k) w cos(npe) (B2.18)
R hy, 1 P
0= —<Z+I)ld+zxd +Tlp0)lq (B219)
R k 1 hy
0= ——1 _"p. +— [k (k. — —6l+6 +-L(i —1
L lq L lq La, [ wWref ( o 0[2)(1) O-] Oq 1 (lq lCI) (B2.20)
—Nn, Wiy
h, A
0= —l?ld + n,wad, (B2.21)
hy (.
0="3(~ ig) (B2.22)

It can be seen from (B2.14) and (B2.22) that i; =i, = %,
m p

and from (B2.15) and

(B2.16) that w = @ = w,.f, therefore set iy = i, W = Wyep, and O = Wyof

-1 [aw — X —6]—1’ (B2.23)
- kpal 2Wref 14q q
0 = kprer Sin(n,0) + x4 + Lnyw,efi, (B2.24)
. . k ~ (B2.25)
0=—iz+ E [azwref — a] R +mkp Wref cos(npe)
R hy, 1 . (B2.26)
0=-— (Z + 7) lg + 7 Xa + NpWrerly
R+k, 1 O . (B2.27)
= - 7 qg T La, [azwref - a] + 0gq — NpWrerly
2 . ~ (B2.28)
0= —l?ld + Ny W0y

Solving (B2.24) for x4 yields x4 = =Ky Wrer sin(np 5) — Lny,wyriy, and solving (B2.25) for &

. ~ Km . km?” 5 Km . 5
gives G = —Tmlq + A Wyep — mwref cos(npe) = —Tmlq + [az — knpaq cos(npe)]wref;
therefore, set xg = —kpmwyer sin(n,0) — Lnywyeriy, and 6 = —kTmiq + [az — kmay cos(n,0)|wrer
0 = —x4 + kmwyef cos(n,0) + Ri, (B2.29)
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R h knw ~ B2.30
0=— (— +_1) iy — eref sin(n,0) ( )

L p
0 = kyres c0s(n,0) + L6; — npyLwyeriy (B2.31)
2. A (B2.32)
0= —l?ld + Ny W0y

Now, solving (B2.29) for x, gives us x; = Rig + kpwyef cos(npé), and solving (B2.30) for i,

oA ﬂkmwref . ~ . . A s . ~ .
we obtain I; = — msm(npe). Substituting g into (B2.32) and solving for 6, we arrive at
A~ _ __ kmhy ) A\ . R ~ .
6q = i (uR+LRD) Sln(npe). Finally, substitute both i; and 6, into (B2.31) to arrive at

L[u?ny%wpes? — sy
pn, (uR + Lhy)

0 = wpey cos(n,0) + sin(n,0)

rearranging to obtain

sin(n,0)
cos(n,0)

ﬂ(.uR + th)npwref

—_— g —_—
tan(np ) L[,uznpzwrefz — hz]

and solving for 8 yields

1 I .u(.UR + th)npwref

f=—tan™" |- —————
Ny L(.u Ny~ Wref —hz)

In summary, the equilibrium points are given by

_ = B(I)ref + TL
lg=lg=— 7 =

k., cos (npe)
Xqg = —KkpmWrer Sin (npé) — NpLwyerly

Xy = Rl + kypwyer cOS (npé)

W = Wrer
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1 R+ Lh)n,w
= —arctan —M(M ) pref

Dy

np L(.uznpzwrefz - hz)
o= Wref
=~ km - ~
0= —qu + [az — k,,a, cos (npe)] Wyef
id = 0
7 _.Ukmwref , =
lg = —.UR T+ Lh, sin (npe)
Ed = 0

= kmhz . =~
a= pn, (uR + Lh,) s (npe)

where 0, 14, 14, X4, Xq, @, @, G, Iq, 14, 64, and 6, are the equilibrium values of 0, iy, 15, X4, Xg,

w, @, 6, 1q, 14, 64, and 64; respectively. The sin (npe) and cos (npe) satisfy

u(uR+Lh1)npwref
] = L(u2np2wyer2—hy = 1
sin (npe) = (2 res® ta) =, and cos (npe) = -
[ u(uR+Lh1)npwref ] [ u(uR+Lh1)npwref ]
L(uznpzwrefz—hz) L(uznpzwrefz—hz)

and they were obtained using the following trigonometric identities

X

sin(tan™1(x)) = 7= and cos?(x) + sin?(x) = 1.
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B3. Derivation of the inequalities in ( 3.35)

The transfer function

ky, @

= SZ + s +
T Orer (p1 p2S + p3) ~ V152 + Y25 + V3
rs) = ky w ~ $3 4+ Byys% + By,s + By
s3 + = —=—B(p15? + p25 + p3) ! 2 3
km Wref
where f > 0,y; = ’f—mipl,yz = ’f—mipz,]@ = ’f—mip& is Strictly Positive Real (SPR) if
km wrer km wrer km wrer

and only if

1) I'(s) is Hurwitz
2)R{T'(w)} >0,V w e [0,0)
lim

3)I'(s) >0or - Oou)ziR{F(ja))} > 0

The first condition can be checked using Routh-Hurwitz criterion. The Routh’s tabulation of the

characteristic equation of I'(s) is given by

s3 1 BY-
s? By1 BYs3
1 ﬂzhyz — By
S —_— 0
By1
s° B3 0

Table B3.1 Routh’s tabulation of the characteristic equation.

So, for I'(s) to be Hurwitz we need to satisfy the following inequalities
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py1>0
By >0

2 —
B 12 ﬂy3=ﬁy2_ﬁ>o
By V1

For the second condition, we need R{I'(jw)} > 0,V w € [0, ); that is,

ER{ ViGw)? +v2(jw) +v3 }>0
(Jw)? + By1(jw)? + By (jw) + B3

(v3 _Vlwz) + jyw }
ﬂ%ﬂn—hw}ﬂwnw—w)>o

ER{ (¥s — v10?) + jy,w % B(ys — Yiw?) —j(By.w — 0)3)} 0
Bz —viw?) + j(Byw — w3)  B(ys — v1w?) — j(By0 — w?3)

m{[ﬁ(h - Vlwz)(y3 - Vlwz) + v (By.0 — w?)w] +j[By2(ys — Vlwz)w - - Vlwz)(ﬁyzw - wg)]}
>0
[B(yz — v1w?)]? + [By.0 — wi]?

The real part is given by

B3 = v10*)(¥3 — v10?) + V2 (BY,0 — w*)w
[B(yz — y10D)]? + [By,w — w?]?

>0

which is rewritten as

(By1?2 —v2)w* + B(y2? — 2y1v3)w? + Bys®

BUs —110dP + Broo -

To satisfy the inequality we need

ﬂl’lz —y2.=0
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sz — 2717320
For the third condition, we have

lim
w —

Oou)ziR{F(jw)} >0

lim ((,3}’12 — vt + B(y2? = 2r1v3)w® + ﬁ)/32> >0
[B(ys — y103)]* + [By0 — w3]?

w — 00

lim < (By1? —v2)w® + B(r2* — 2r1v3)w* + Bys*w? ) S0
w = 00 \wb+ B(By1? — 2y )w* + B2(y2?% — 2y1¥3)w? + B2y3?

which yields

By —v2>0

So, in total, there are five conditions to satisfy and they are

By1 >0

Bys >0

Y, ——>0
By ”

sz — 2717320

By —v2>0

Lety, = %, Yy = %, and y3 = %; then the inequalities reduce to

a>0
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c>0
c c
b——>0=0b>-—
a a
b? —2ac > 0 = b? > 2ac
a’?—b>0=b < a?

Let by(a,c) = 2» b,(a,c) =+ 2ac, and b3(a, c) = a?. Figure B3.1 shows the plot of by, b,, and

b; that is used to determine the valid values of a and c.

b3 il

Intersection c

Figure B3.1 Plot of the functions b,, b,, and bs.

It can be seen from Figure B3.1 that the inequalities are valid beyond the intersection b, = bs;

that is, V2ac = a®> = ¢ = %a3. Now, a, b, and ¢ can be chosen according to the following
a>0
0<c<=ad
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V2ac < b < a?

. k k k :
Substitute back a = k—miﬂpl, b=:2"_Bp, and c = == Bp,; then we arrive at the

m Wre km wref km wref

following inequalities

ky w
—— >0
'Bkm o P1
0<p; <= /5’2 o © 3
P3 k o P1
ky w 5
V2p1p3 = p2 < .BA__P1
m
which reduce to
P2 < ap;
P2’
P3 = 20,
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B4. Definition of Functions f;(-) to f1,(-) For the Closed-Loop Equations ( 3.47 )-( 3.50)

kik
R e )

at (%)] R + k [1 —cos (s (s + 711) )] (wrer — &)

wt (w()) wat (“’()>] cos (emyCny +312)) + [1. = cos (2m, oy +10)] (ke = @6 + strey + e +%n”

k;RM g
JACE —k;Zg sin (np(e —e2(n, + ﬁ,))) + kizg cos (np(ﬂ —e2(n, + 771))) +7 ‘+ % [sat (%) -

Ia;f, sin (s n, 0y + m)) — 24 sin(n,8) — 25 cos(n,0)] — a kM

[ N [mt (w( )) 0 (wo) }

O = Mk,
ORI o '
o5 D)
npli [VaZCOS (”F(g &0+ 7’1))) + gy sin ("”(6 -+ "1)) ]|
k
A6 = —[za sin(n,0) — z cos(n,0)] A /72 ” [”“st (0 = e + "1))) * vpasin (np(ﬂ e+ 1) ]I
K
nf’; n [1 + (ﬁ_], 1) 'R ( )] [vazcos( (60— e2(n, + m))) + g, sm( (60— 2(n, + m)) ‘
-
. » v ) ) ) w() )
S S —— (2 g +112)) + a3 (& + %) cos (£2n, Gy +712)) = ta (wrey — &) +— [z2sin(1,0) = 25 cos(m0)] + arkyM (55 cos (et + 1) = "
O=| h|1- (unp%;(wmf *em))
0
0 1
ke, o 1\ sin(&2n,(n, + 1)
‘/jﬁz_’hl(,,](;z +5,) = @y (rey — £2) + @k, M, (%) - 7n>%

0= in (&2 +1j 2 0
’ € [M (a;(fz + %) = @ (@rey — &) + sk, Mop, (\P( )> - %n) - a;fl]w — @i - all:pM [sat (%) i (‘1’( )>

nykpo*h, &n, M
fsa

+—][cos(s npmy) — 1] [k Mdzs( )+(§2+xq)]

parslnhy 0]
f5u:~—[1 (-1 ¢5(7)

enykpw*h,
a k.

—% 1, - g ('”())(ngzk”w (@rey = &5)sin (£, + 1)) = 15 = ey — ) + @2 [k o, (‘” )+($z+xq)])

_a g 1

2810 (2 - s 00 10) 0, 10t (22) - (82 -2

- ‘f“‘ (km—&zm(w( ( 7

)
kik,M 0
+(a,7a])[1 # (‘”O>]( o (zz+xq)+R+k (@rey — £5) o5 (2 nr,(n,m))—klzusin (6 — 21y +120)) + iz cos (my (6 — ¢2 (m+m)))+kMsat(¢()) LY (‘”—O»

1
(al(fz +%,) = @y (wres — &3) + kM, (w( )) —TTL) sin (sznp(m + ﬁl))

pzrzk hy

b (a;(fzm)—az(w,ef &) + ark, Mo, ('”O>——n>sin (&2 +112)) + 1y (rey — &) cos (£2m,ny +111)) )

M) R+, "\ M

(e —@)(—ala sin (&2, 01y + 1)) + a3 (8 + %) cos (e21, (0 +111)) — z(wrer —fz)+ 7 [z sin(n,0) = 23 cos(n,0)] + ark,Mepe (‘“))m (e2nyny +n,>)—7n)

a—a (PO . . 1.
1‘2 *o; (7) [@rer +ku@rer] _7TL

piryny kb ? ) Prk(@pef — & h “rh sin(e2n,n. }

[ 7—11?1:;"}1221 (w,ef - 53)3 Sln(sznprll) - %{1 - |1- (M"Ph_;(wref - ew)) }[zh_; (“’rei - Q)cos(s%ﬂ;) - (sT:l) i
0= fou |

| : l

Kby el h h
|[1 * (_7 1) b (w( )>] /7 F'Z;Z’:p)’h 2 (wref — &)’ sin(e?n,n;) — W[ 1- (anh_;(wref - fz>> ][r;l_zl (@rey = §5) cos(ePmym) = Sm(s npm ]\|
| \ R [ | -
h, Kb
foa=— n;lzl (PIEZTZm'h 2 (wrep — 53) +a, [k Mo, (W >+ (&+ xq)]) (@ref = &3) sin(e?nym,)
2
1 h; ok (@rer — &) [rah sin(e*n,n. Y
7{1 . (,mph—;mf fsz)) }(— o2 B)h - ) cosCemn) -2 [ (B2) 5 6, -2, eosCenn)
W)\ | sin(np(6 - e2(y +711)) K X . K % i i
HO= (R+k, )a ¢£( M ) - cos((:lp(ﬁ - gz(:h + :71)3) (62:;31? PR (@res = &) sin (gz"p(fh + m)) - nf]%mw- [V"Zcos ("F(9 —&m + ”1))) +vg; sin ("p(9 —elm+ ”1)))]
K h _ 1 . , o
s (470 = s ) + kb (B2) =32 )sin (e 40) ey = 65 o5 (o + m>)D
m | sin(m,(0 = 20 +11)) w() W)

50 )l (57) - (5)]

(R +ky) |- cos (np(ﬂ =& + 'h))

3 = [foa()

AO=5

1
foa() = R + k ( a,&, sin (s (0 + n,)) +ay (& + %) cos (s (01 + 1) ) =ty (wer — &) + —[z,z sin(n,0) — zg cos(n,0)] + ayk,Mp, (#‘( )) cos (s (0 + n,)) - TTL) sin(n,0)

1 2 v ; ; . ; ;
T (— i ok kp 2 (wrey — ) sin (£2m, 11 +10)) + iz 05 (m, (6 — €20y +112))) + iz sim (1, (6 — €20 + rm)))cos (mp(6 — &2y + 1))
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D\ kik,M G
R G [l L (#‘())]( R + % [({2 +%4) = ki (wrer — &) cos (s (0 +711) )] ks [zn sin (nP(S —e*(n + n,))) -2z cos( (60— 2(n, + m)))] + k;Msat (wAEI)) R :kp e (%))
= sin (m, (6 — £2(ny +111)))

+#kp[—a sin (n,(6 — 20 +1i1))) — [(62 +5,) + kMg, ('”—O)] cos (ny(6 — £2(n, +ﬁ1)))]

pik,

: [‘“w bt e

((wm &) sin (£2n, Gy +11)) — €2 [vaacos (m, (6 — €201y + 1)) + vga sin (n, (6 — 20 + m)))D]
a7 k [ & sin (n,(0 — 20y +111))) [(fz +X) + kyMo, (w())] cos (n,(6 - £2(ny +ﬁ1)))]

; |7 €p1Takmhy

1
(al(fz + %) = 3 (0rep = §3) + arkp Mo (‘”( )) - —n) sin (€21, 0y + 1)) + 1y (@rer — 2)° cos (2n, 011 + ﬁ,))]]

nykp*h, J
1 k,
+m¢s ("’( )) (eyy = &) (gfl'% (@re = &) sin (£2n, (11 + 1)) = 13 = @z (wrey — &) + 4 [k Mg, ("’ ) +(&6+ xq)D sin (,(0 = 220y +11)))
g 1
m(ﬁs (W( )) (ko — ‘12)( —[Va2‘305 ("p(e —e2(n + 711))) + v, sin ("‘p(g —e2(n + 771)))] +edyn, + & k,M [S‘l‘f (w;,)) Pe (#) - 7TL) sin ("p(e —e2(n + 771)))
w() _ pzrzk hy w() LN\ N Y 2 N . . N
—(R o % (ko = @) =2 |6+ 20) = aalomey = 65) + sk Mo ]n sin (£, Gy + 1)) + 1y (wrey — &) cos (2,0, +11) | ) sin (m, (6 — €21y +111)))
P pim

1

+ R + kp " (e =€) cos(ny6) = m‘ﬁé (7) [@re + koydrer] sin ("7;(9 &0+ '71)))

1
S = 77 ( @fysin (f%(m )+ (8 + ) cos (e, Gy +10)) = a3 (e = ) +—[za sin(1,0) = 25 cos (my0)] + ayle, Mepe ('”0) cos (&2my(n, +112)) —7TL)cos(n7ﬁ)

1 k,
*m(‘ﬁf T k R (g — &) sin (£, Gy +117)) + iz cos (1,0 — €200 +311))) + iz sin (n, (6 — 20 + m)))) sin (,(60 = 220y +11)))

D\ kik,M 0
e [1 L (\P( ))] < R ‘kp [(fz +%4) = ki (Wrer — &) cos (sznp(m + ﬁ;))] —k [z,z sin (np(ﬂ —&2(py + 771))) — zg cos (nP(B —&2(n + ﬁ,)))] + kiMsat (%) R +ka e (%))

* cos (n,,(e —&2(n, + 171)))

s [ (o - 2 4 0) [ 5+ kpnin (52)

sin (nP(B —e2(n + Tll)))]

Pikm

* [wrs/ —&—em, +m

((wrs/ — &) sin (5 n, (0, + r“)) —¢? [vazcos (np(ﬂ —e2(n, + r““))) + v, sin (np(ﬂ —e2(n + 771)))])]
R T k [{1 cos (n,,(e —&2(n + 111)) [(fz + xq) +k,M¢, (W( )] sin (n,,(ﬂ —&(n + 771)))]

.| gparekmhy
erlE w*h,

14Q) N 2k
mtﬁg( )(kw *az)( s

Pakm
~ iy () o= (55 s (30 =0 +19) + sy 0= 220, 70)] e+ by s (52) = . (52)] =57 o (0 - 20+ 1)

1
(al(fz + %) = @ (rey = §3) + crky Mo (‘”( )) - jn) sin (£, 14 +112)) + 1y (wrer = €,)’ cos (£, 1y +110))

" (wrey = £5) sin (&2, (0, + 1)) = 15 = @ @rey = £5) + 1 | kMo (‘” )+(fz+xq)])cos (np(6 = 2@y + 1))

M
kb
—mrﬁ; (w()) (ke = &) (—%[(m(éz +%g) = @ (Wre = &) + ark,Mobe ("’—O) —7TL)sin (2 ny +112)) + 1y (res — &)” cos (e2n, 0 +m))Dms (np(6 - 2@y +11)))
)&

+2 i_ %, (wrer — Q)zsin(npﬂ) + m%( IEI)) [Grer + ko rer] cos (n,,(ﬂ —e2(n, + ﬁl)))

sin(n,0)

hy sin(n,0) ey (w(ﬂ)( pskm
b\ )\ =

&n, kpw*

{
l[ —cos(n,0) |ha@; M
cos(npﬂ)

fio®) = ~(@rer &) sin (e%n, (y +11)) - % [vazcos (my(8 = £2G1s +111))) + vga sin (my (0 = 221, + )|
o

kyuh B 1 . )
—s];:mk}:z [(m(fz + %) = @y (rep — &3) + ark, Mo, (W( )) - 7TL) sin (52np(111 + 'h)) + 1 (@res — &)’ cos (eznp(ﬂl + m))])

[ 0
1] sin(n,0 1 ¢
fu® :;\ S’"g"? Mo, sin? (E&ny(m +ﬁ,)) [(a,({z+xq)+a1k Mg, ("’O)>+rzaif, sin (£n,Gny +112))

cos(n,0)

[fiz.0)]

| A20)
fa©= lfnc(')J

fiz,()

faa©) = [+ (al(emq)—az(m,e, )+ i (52) =11, )sin(, ) 2 6" o)

kik,M 9 .
_7’2h_‘:1 1-¢; ('li( ))]( r k [({2 +%,) = ko (@yer — &3) cos (5 n, (0, + r“))] k; [z‘, sin n,,(B —e2(n + 111))) —zpcos (np(ﬂ —e2(n + r“)))] + kiMsat (W( )) L. ('l’_())) sin(n,8)

M) R+k, P\ M
2k
ﬂm ('”( )) (ko= ) (#(ww, — &) sin (e, (ny +112) = s — 3 (w0, — &) + [k Mo, ("’ ) +(&+ xq)D sin(n,0)
.

ﬂ% (W( )) (k,, — @) ( —[Vazcos (n,,(ﬂ —e2(n + 111))) + v, sin (np(ﬂ —e2(n, + r“)))] +e@,n, + a&1k,M [sat (W( )) b (W( )) - %TL) sin(n,8)
K h.
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BS. Parameters Perturbation Figures

We investigated the robustness of the proposed controller to the effect of parameter

perturbation. The following figures show the experimental results of this investigation.

Speed of PMSM when B is Perturbed by +25%
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Figure B5.1 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when B is Perturbed by -25%
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Figure B5.2 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when J is Perturbed by +25%
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Figure B5.3 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when J is Perturbed by -25%
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Figure B5.4 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when Km is Perturbed by +20%
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Figure B5.5 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when Km is Perturbed by -20%
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Figure B5.6 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when L is Perturbed by +25%
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Figure B5.7 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when L is Perturbed by -25%
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Figure B5.8 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when R is Perturbed by +200%
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Figure B5.9 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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Speed of PMSM when R=0
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Figure B5.10 (a) Reference speed, speed of PMSM, and estimated speed, (b) Speed error from
reference speed and speed estimation error, (c) Position estimation error.
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