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SYNOPSIS:

Sensorless control of AC drives has been
a field of research for many years. Nevertheless,
sensorless control at zero speed is still a
challenge, especially for surface mounted
Permanent Magnet Synchronous Machines
(sPMSM), where the magnet saliency is really
small.

The main goal of this project is to
develop a sensorless control for a sSPMSM able
to work in zero and low speed.

Literature about sensorless control
strategies is studied and the suitability of the
proposed estimator is tested by simulations and
experimental tests in various operating
conditions. The proposed estimator method is
stable in low speed, including loading conditions.

High frequency signal injection method
strategy was implemented using Danfoss power
converter and dSpace as well as
Matlab/Simulink.

Even the topic of the project is
sensorless control the simulations and the
laboratory was also carried in close loop, in
order to compare the results.

By signing this document, each member of the group confirms that all participated in the
project work and thereby that all members are collectively liable for the content of the

report.
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Preface

This dissertation is submitted to the faculty of Institute of Energy Technology at Aalborg
University in the requirement for the credits of 10" semester M. Sc-Degree. The work and
research documented in the project have been carried out by group PED4-1031 between the
period of the 1% February and the 31" May at Aalborg University, Denmark.

The main idea of this project is to study sensorless control methods for low-speed
operation of PMSM. High frequency signal injection method strategy was implemented, using
Danfoss power converter and dSpace, as well as Matlab/Simulink.

Reading Instructions

The project is documented in a main report and appendixes. The main report can be
read as a self-contained work, while the appendixes contain details about other data. In this
project, the chapters are consecutively numbered whereas the appendixes are labelled with
letters.

Figures, equations and tables are numbered in succession within the chapters. For
example, Fig. 1.1 is the first figure in chapter 1.

The references are written with the “ISO-690” method. More detailed information
about the sources is given at the end of the main report in references.

All simulations have been implemented in Matlab/Simulink and C-language .The
laboratory work has been carried out in the dSpace laboratory, Pontoppidanstrade 109,
Aalborg University.

A CD-ROM containing the main report, appendixes, the Matlab/Simulink models and
the references is attached to the project.
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Chapter 1: Introduction

1. Introduction

This chapter introduces the background of the project, where the main advantages of the
sensorless control are presented. Finally, the chapter is ended with a list of objectives, project
motivation and limitations.

1.1. Background

Cost reduction and performance improvement are the main concerns in modern
industry applications of electrical drives. Permanent Magnet (PM) machine drives have
become the most promising candidates for their high performance, high efficiency and high
torque to inertia ratio.

An essential requirement in controlling PM machines is to determine the rotor position
information. Rotor shaft sensors are usually fitted, increasing the machine size, noise
interferences, total cost and reliability reduction. These reasons lead to eliminate the position
sensor and obtain the rotor position information indirectly. In fact the rotor position and speed
can be estimated by the measured voltage and currents of the electrical motor. So the
mechanical sensorless control is becoming a research focus (1).

Sensorless control of PMSM can be divided basically into two methods. The first one is
based on the fundamental component model of the back-Electromotive force (EMF) for rotor
position and speed detection, the second one is based on the saliency tracking (2). Back-EMF
has good performance in medium and high speed but at low speed the voltage is really small
or zero, for this reason some estimation schemes based on saliency phenomena of PM have
been developed. Nevertheless, the control at low speed stills a challenge, especially in sSPMSM
because it is considered non salient. But a small amount of asymmetry is normally present due
to the semi-insertion of the magnets, producing the stator inductance to be function of the
rotor position (3).

1.1. Project motivation

The demand for variable speed drives in both low and high power applications has
resulted in a great variety of products from different manufacturers, each offering a great
variety of features. In this respect, the control strategy plays a great role in fulfilling the
demands of each application

The operation of AC drives in speed open loop requires the estimation of internal state
variables of the machine. This is done by measuring the currents or the voltages on the
machine terminals. Low cost, medium performance sensorless drives can be designed using
simple algebraic speed estimators. The adjustable speed drives employs various control
methods to ensure satisfactory performances considering a specific application. The
application with this project deals is low speed control of a current controlled PM motor by
means of a Voltage Source Converter (VSC), in open loop. The control strategy should be
capable to handle with load.

Low Speed Open Loop FOC for PMSM
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Chapter 1: Introduction

1.2. Objectives

The project should study different sensorless control strategies. The most promising
must be simulate and implemented in a laboratory setup. The goal of the project proposal is to
control a PM motor, by means of VSC, in open loop at low speed.

The main objectives of this project may be summarized as:

e Search literature about sensorless control strategies.

* Implement the selected control strategy in Matlab/Simulink.

e Control the sPMSM without using encoder

¢ Validate the simulations in the laboratory with dSpace.

¢ Test the performance of the control strategy in different study cases.

e Compare the results between close loop Field Oriented Control (FOC)
and sensoreless control.

e Sensorless control strategy must be able to provide torque at low
speed.

1.3. Project limitations

During this project, some limitations had to be considered and they are summarized as
follows:

e Measurement of the real parameters of the motor in the laboratory was not done. The
parameters from the datasheet were used.

In simulation, some components are considered to be ideal and mechanical and
electrical losses have been neglected.

In sensorless control the maximum load torque that could be applied was 1 Nm.
e Zero speed under load conditions test was not achieved in the laboratory experiments.
e Large starting error form the angle estimator could not be neglected.

Low Speed Open Loop FOC for PMSM
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Chapter 2: System description

2. System description

In this chapter a general description of the whole system is presented. From the control
point of view, the converter and the Space Vector Modulation (SVM) strategy are presented.
Different characteristics of the sPMSM are presented and also a mathematical model in dg-
frame has been developed.

2.1. Overview of the system

The PMSM is controlled using SVM. Fig. 2.1 shows the operation scheme. The system
components are described in the next paragraphs, first the converter and the SVM strategy for
determining the duty cycles. The second part is a description of the PMSM including the
mathematical model.

T DC
ST

Inverter
Control

Fig. 2.1 Set up configuration

2.2. Voltage Source Converter

The main purpose of the VSC is to convert the DC voltage from the DC link into AC
voltage. A simple scheme of the converter is presented in Fig. 2.2.

+ &—“{} sz—{@ sg—{@
Ve ] 0= 1 5 ] % N

Fig. 2.2 Converter scheme

The converter has 6 semiconductors IGBT in three legs. There are two switches in each
leg, which can have either a state value S, of 1 (ON) or 0 (OFF). If one switch is turned on, the
other from the same leg is turned off. Otherwise, a short circuit in the DC-link capacitor would
be produced or the voltage in each terminal would be undetermined. Freewheeling diodes are
used in order to create an alternative path for the reactive load current.

Low Speed Open Loop FOC for PMSM
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Chapter 2: System description

The line to line voltages of the converter are given by:

Vag 1 -1 07[S Eq2.1
VBC == VDC 0 1 — 1 Sb
Vea -1 0 11Ls,

When the same control principle is applied to all three phases of a converter feeding a
balanced wye-connected load, the individual line-to neutral voltages V,y , Vgy and Viy are
balanced too.

VAN + VBN + VCN =0 Eq 2.2
Unconditionally
VAN - VBN = VAB Eq 2.3
And
VBN - VCN = VBC Eq 2.4

Solving Eq 2.2, Eq 2.3 and Eq 2.4 yields:

Van 11 0 —17[Vas Eq2.5
VBN = § -1 1 0 VBC
Ven 0 -1 111V,

And combined with Eq 2.1 the phase voltages can be expressed as a function of the
DC-link voltage, where S, S;, and S, are the switching state values (4).

2 -1 —-11[Sa Eq26
-1 2 =1{[Ss
-1 -1 21LS,

2.3. Space Vector Modulation

Van
Ven
Ven

Ve
3

In order to generate a rotating field, the converter has to be switched between six of
the eight states. This mode of operation is called six-step mode.

0 0 0 0 0 0 0 0
0 0 1 Vbe 0 -Vic 2Vpc/3 0
0 1 1 0 Ve Ve Vpe/3 Vpc/V3
0 1 0 Vpe Ve 0 -Vpe/3 Vbe/V3
1 1 0 Vne 0 Vic 2Vpe/3 0
1 0 0 0 -Voc  Vic -Voc/3 ~Vpe/V3
1 0 1 Ve -Vic 0 Vpe/3 ~Vpe/V3
1 1 1 0 0 0 0 0

Table 2.1 Space vector (5)

Low Speed Open Loop FOC for PMSM
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There are two inactive states, this means that the voltage applied in the motor windings
is null (000,111). The others are active states and produce output voltages
(100,101,110,101,011,001) (6).

The vectors are represented by a hexagon in Fig. 2.3 and it is divided in six sectors. It can
be noted that the zero vectors are located in the middle of the hexagon and can be used to
regulate the amplitude of the space vector.

The angle between any two vectors is 77/3. The length of active vectors has a maximum

value of 2/3 Vpc (7) and the maximum value of V' is 1/\/§ Vpe (8). V* is the reference vector

and can be decomposed into two components:

V3(010) V2(110)

Sector 2
v* v2(110)
o]

Sector Sector 1

[
V4o11) V0 (0001YAV7(111)

Sector 4 Sector 6

Re
vi(100) —>

V5(001) V6(101)

2-Vdc/3

Fig. 2.3 Space vector representation in sector 1

Where V* = V; + V3
The reference vector can be expressed in a complex plane as in Eq 2.7.

Vi =V, +jVs Eq2.7
For example, in sector one, the sampling period is Tpyyum, SO the stator voltage is:
VoTo VT, Eq2.8

The voltage is determined by the vector sum of V;, V, and zero vectors. The active
vector time (Ty, T;) can be expressed as a percentage of Tpym (8).

V* .M Eq 2.9
T, = EWTPWMSIH (§ - (x)

*

\ :
T, = ﬁWTPWMsma

Eq 2.10

Low Speed Open Loop FOC for PMSM
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The residual time is reserved for zero vectors Vy, and V,. The condition is that Ty +
T; + T, = Tpwm. From Eqg 2.11, Eq 2.12 and Eq 2.13, the duty cycles in sector 1 can be
calculated.
T1+T2+5 Eq2.11

D, 2

TP WM

Ty Eq2.12
2

TPWM

T, +
Db=

Ty Eq2.13

2
D. =
¢ TPWM

2.4. Permanent Magnet Synchronous Motor

PM machine is a synchronous machine which is excited by permanent magnets. The
main advantage is that the excitation system is replaced by permanent magnets, which are
located in the rotor (9). In this case having the magnets on the rotor the electrical losses of the
machine are reduced.

In sPMSM, the magnets are mounted on the surface of the rotor. The magnets can be
regarded as air because the permeability of the magnets is close to unity and the saliency is
really small as a consequence of the same width of the magnets. From this is resulting that the
inductances expressed in the quadrature coordinates are approximately equal (Lg = Lg).

The set of the equations in motoring mode, used to develop the model of the machine
in dg-frame, is presented below (10). Where the flux, established by the permanent magnets
in the stator, is sinusoidal, therefore the back-EMF is also sinusoidal. Fig. 2.4 shows the
equivalent circuit of the machine in rotational frame.

h V
Vas () We*Qqs * () We*Qds
+

Fig. 2.4 Equivalent circuit of the generator in dq-frame

Voltage equations in dg-frame are:

. d
Vas = Rs - igs + a((pds) — We " Pgs Eq2.14

. d
Vgs = Rs - lgs + ﬁ((pqs) + We - Qs £q2.15

Low Speed Open Loop FOC for PMSM
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Where Vys and Vs are the dg-axis stator voltages, izs and iy, the dg-axis stator
currents, R represents the stator resistance and ¢4 and ¢, the dg-axis stator flux linkages.

Flux equations in dg-frame are:

Pqs = Lq " 1gs Eq2.16

®Vas = Lq - lgs + om Eq2.17
Where ¢, is the magnet mutual flux linkage and Ly and L, are the inductances in dg-

axis.

The electrical torque is:

3 . . 3 . . Eq2.18
T, = Enpp [(pmlqs + (Ld - Lq)ldslqs] = Enpp [(pdslqs - (pqslds]
d T, — Bw, — T, Eq2.19
T =
d Eq 2.20
E(Qr) = Wy

Where w, is the rotor speed, 6,., the rotor angle, B, the viscous friction, J, the moment
of inertia and T;, the load torque. The relation between the rotor speed and the electrical
speed is expressed.

We = NPP * Wy Eg2.21

Low Speed Open Loop FOC for PMSM
17



Chapter 3: Control strategy

3. Control strategy

A description of the control design is presented for close loop and open loop. An overview
of the conventional sensorless control schemes for PMSM is introduced. A detailed analysis of
the chosen sensorless control strategy is presented.

3.1. Close loop Field oriented control

3.1.1. Field oriented control

The PMSM control methods can be divided into scalar and vector control. In scalar
control, which is based on a relation valid for steady states, only the magnitude and frequency
of voltage, currents and flux linkage space vectors are controlled. Contrary, in vector control,
which is based on relation valid for dynamics states, not only magnitude and frequency, but
also instantaneous position of voltage, current and flux space vectors are controlled. Thus, the
control system achieves the position of the space vectors and guarantees their correct
orientation for both steady states and transients.

One of the most popular vector control methods is FOC, which gives the PMSM high
performance. In this method, the motor equations are transformed to a coordinate system
that rotates in synchronism with PM flux. It allows, separately and indirectly, control of the flux
and torque quantities by using current control loop with PI controllers, due to the stator
current vector is split into two current components, igs and iz, which are flux and torque
production currents respectively (11). Also a Pl controller for commanding the speed is needed
in the outer loop; the speed control can be achieved closing the loop by a feedback outside the
inner torque control loop. The speed feedback can be derived from the same rotor angular
position sensor, which is used to obtain the rotor position feedback (12). In Fig. 3.1, a general
scheme of the FOC is presented.

° DC
Vac _”31} L
T. ki
R g
|Z|¢>©_, Ve[ g ve s,
A

Ve

* T vv.>
1
aned e Il e e e Tl e V2 S
A A

s | dq /||

[ ic
abc |[«————
! o Bt

Fig. 3.1 General scheme of FOC
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In Eq 2.18 can be noticed that a stator current feedback is required, due to the torque of
the PMSM is related to the stator currents. The three phase measured stator currents are
converted to dg-frame. This conversion provides the feedback currents i;s and igg, which is
possible because the shaft speed is determined by a sensor. Also a sensing of the DC-link
voltage is required in order to feed the space vector algorithm.

There are many torque control strategies and the goal for all of them is to maintain a
linear control over the torque. One of the easiest strategies and most widely used in the
industry is Constant Torque Angle (CTA). The torque angle is defined as the angle between the
g-axis current igs and the rotor permanent flux ¢;,. This angle is maintained at ”/2 in this
control strategy. Whereas the d-axis current is maintained at zero, so the torque depends only
on the amplitude of g-axis current (i4s ). The main advantage of this control strategy is that it
simplifies the torque control mechanism by linearizing the relationship between torque and
current. This means that a linear current controller results in linear control over torque as well
(8). The implementation of this strategy can be noticed in Fig. 3.1, where the d-axis current
reference is kept at zero.

The Eq 2.18 of the PMSM shows that there is a cross-coupling between the torque
produced by the stator currents and the flux. In order to control i;; when v, is changed the
igs is changed as desired, but this causes to change the vy, and therefore the i, which is not
desirable. This degrades the control performance of the current control. To obtain better
performance in current control the igzs and the i,s should be able to control independently.
This can be achieved by a decoupling the cross-coupling in dg-frame. In Fig. 3.2 it can be seen
the structure of the Pl controllers with this decoupling control (12).

o J———
om0 O[]l
| LdS+Rs |
— T — — e e e
| Ermii P
Decoupling | ross

I
coupling |
I

S e e

i | 1 iq

iq Uq
_>©_> Pl _>@ — 1 T 7| Ls+R. >
|
|

| Physical model of

| PMSM
______ —
Fig. 3.2 Decoupling control
The transfer functions of the plants in s-domain are as follows:
Ia(s) . 1 Eq 3.1
Ug(s)  Rg+Lgs
Io(s) 1 Eq 3.2

Uy(s)  Rg+Lgs

Low Speed Open Loop FOC for PMSM
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3.1.2. Control design

In g-axis, there are two controllers, outer for the control of speed and inner for the
control of the i;s current. The structure of cascade loop can be observed in the general

scheme Fig. 3.1.

The design of the controllers is limited to the selection of the regulator type (in this
case Pl) and the definition of optimal setting. Its parameters are selected according to the
criterion adopted. The Optimal Modulus Criterion (OMC) and Optimal Symmetry Criterion
(OSC) are commonly used in power electronics and drive control practice (8). The first one is
used for tuning the inner loop and the second one for the outer one.

Firstly, the parameters of the i,s current controller are determined, and then, the
speed controller.

q-axis current controller

In Fig. 3.3, the structure of the g-axis current controller is presented, which is the inner

loop.
Control Plant
; an
P * Algorithm |
qs @ Pl 1 1 4
Tss +1 Ls+R
T iqs
1
0.5Tsis +1
Sampling

Fig. 3.3 g-axis inner loop

In order to work with a unitary feedback, the transfer function placed in the feedback
can be moved. Fig. 3.4 shows the result of this displacement.

. %
I 1 q
— @ Pl |—» 1 > 1 > — o 0.5Tgis +1|—»
Tus +1 Ls+R 0.5Tqis +1

fu

4

Fig. 3.4 g-axis current controller

The PI block offers a zero error in steady state and the transfer function of the controller
is the ratio between the output signal and the error signal as shown Eq 3.3

U(S) . kii 1+ TiiS Eq 3.3

Gpi(s) = EG) kpi +— = kyi Tos

Low Speed Open Loop FOC for PMSM
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Where ky; is the proportional gain, k;; is the integral gain and Tj; is the integrator
time, defined as the ratio between k,; and k;;.

Y £q 3.4
122 ku

The control algorithm block is a delay introduced due to the digital calculation. The

. . . 1
time constant Ty, is defined as Tgq; = —

7 = L = 0.2 ms where fs is the sampling frequency. The

5k
transfer function is shown in Eq 3.5.

Eq 3.5
Geg(s) = ——

ca(s) Ters + 1
The plant transfer function is determined from the dg voltage equations after the

decoupling is removed.

iq(s) 1 1 1 k Eq3.6
Gp(s) = = == .=
uqg(s) Rs+sLg R51+s—5 1+ sT,
Ry
Where Ty is the time constant of the motor and k is the inverse of the stator
resistance.
1
K= — Eq 3.7
Ry
Ls Eq 3.8
T, =—
q Rs

The sampling block represents the delay introduced by the digital to analog
conversion. Eq 3.9 shown the transfer function of the block.

Gs(s) = 05T51—S+1 Eq 3.9

The open loop transfer function is defined as:
Gor = Gpy () - Gea(s) - Gp(s) - Gs(s) Eg 3.10
1+ Tys . 1 k 1 Eg 3.11

Gou = kpi 0~ T 571 T ST, 0.5Tgs + 1

In order to simplify the transfer function a time constant is introduced, that represent
all the delay because their values are really small compared with the electrical motor time
constant, resulting that their dynamics are smaller. The transfer function of the delay will be
replaced by a unique transfer function, and the time constant equal to the sum of all the
constants of the system.

TSi = 1.5T51 Eq 3.12

Low Speed Open Loop FOC for PMSM
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With this assumption the open loop transfer function can be rewritten as:

kp 1

K Eg 3.13
Tiis TsiS +1

GoL =

To determine the proportional gain and the integral time of the controller OMC is
used, and they are defined as:

I = TiiRs Eq 3.14
PLT 2Ty
L
o=k Eq3.15
Rs

Considering the equations presented before the proportional and integral gains are
defined as k,,; = 3.66 and k;; = 300.

The analysis of the performance of the Pl controller was carried out by using SISOtool.
The Bode diagram in open and close loop and the root locus for the g-axis controller is shown
in Fig. 3.5. The Gain Margin (GM) is 19.1 dB and the Phase Margin (PM) is 63.6 deg. Hence, the
system for closed loop is stable. From the root locus, the value of the damping () can be
known, that is the standard value of 0.707. The step response is presented in Fig. 3.6, where
can be appreciated that the overshoot is 4.56% and the settling time is 2.29 ms.
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Fig. 3.5 Open and close loop Bode diagram and root locus for g-axis current controller
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Fig. 3.6 Step response for g-axis current controller

The inner loop has to be very stable and robust regarding with a small change in the

outer loop implies a big change in the inner one. Consequently the overshoot in the current

controller should be minimized at least until a value of 2%. The new values for the proportional
and integral gains are kp; = 3.1298 and k;; = 256.08. The performance of the new tuning is
showed in Fig. 3.7 and Fig. 3.8. From the Bode diagram it can be seen that the GM is 20.5 dB
and the PM is 67 deg. Hence, the system in close loop is more stable for the new parameters.

From the root locus, the value of the damping (§) it has been increased until a value of 0.776

and the natural frequency of the system is w,,= 403 Hz.
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Fig. 3.7 Open and close loop Bode diagram and root locus for g-axis current controller
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In Fig. 3.8 the step response for the new Pl parameters is presented. From the figure it
can be noticed a 2.01% of the overshoot and a settling time of 2.11 ms.

onse
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Fig. 3.8 Step response for g-axis current controller

q-axis speed controller

Once the inner controller is tuned with the desired performance, the outer controller
can be also tuned. The speed loop is represented in Fig. 3.9.

Control Current
* . Algorithm loop
wr lq 1 1 3 Te 1 w
—»@—» Pl [—> — > [=-npp om[— —»
Teos +1 TigS + 1 2 Js
Wy TI
1
0.5Ts,s + 1

Fig. 3.9 g-axis speed controller structure

The transfer function of the speed control is determined by Eq 3.16.

kiw 1+ TS Eq 3.16
Gpi(S)=kpp +—=kyy——
PI( ) pw S pw Tiws
The effect of the inner loop has to be taken into account for a properly tuning. This
effect can be modelled as a first order system.

1 Eq3.17
|

Ty

Kpik

Where 7;, = . The mechanical speed of the motor w, is determined from the
mechanical equation T, — T; = ] s w, + B w, , where T, = % npp Pmliqs - The viscous friction

can be negligible. The speed can be assumed as w, = ]ls (T, —Tp).
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In order to work with a unitary feedback, the transfer function placed in the feedback

can be moved. Fig. 3.10 shows the result of this displacement.

*
Wy ig 1 1 [] 3 Te 1 W
— ©—> Pl [—> —p > — - PP Pm[—> —o»| 0.5T ;s +1
TeoS + 1 TigS + 1 0.5T2s + 1 2 Js

Wr

y

Fig. 3.10 g-axis speed controller structure with unity feedback

The open loop of the system above is:

1+T,s 1 1 1 3 1 Eq 3.18

G (s) = k 3 1
() = kpo === 5T 11 Tqs + 1 T +12 PP Pmyg

For achieving higher simplification in the open loop transfer function, an equivalent

time constant is assumed as:

Tsw = 15T + T4 Eq 3.19
If Kr = % npp @, the open loop transfer function yields:
(1 + Ty, $)Kr kg, Eg 3.20

Col8) = T 2 (T + 1)

The torque load is a disturbance in the system. For getting the appropriate response, a
disturbance is introduced into the system. The tuning of the controller is carry out by the OSM

(13). The general form of the OSM for open loop transfer function is:

Goon (s) = K K,pTis + K1 Kp Eq 3.21
OSMA>) = S2(TyTys + T)

The open loop transfer function for the speed controller has been modelled as

Krk Krk
T]pri s+ T]pa) Eq 3.22

Gu(s) =
@ SZ(Tinsws + Tiw)
From Eqg 3.23 and Eq 3.24 the proportional and integral time constants can be obtained

1 1 Eq 3.23

k = =
PO 26T HKrp
] Sw

T = 4T; = 4 Ty, £q 3.24

kpi =3.2426 and Tii = 0.004.
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Root Locus Editor for Open Loop 1 (OL1)

Open-Loop Bode Editor for Open Loop 1 (OL1)
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Fig. 3.11 Open and close loop Bode diagram and root locus for g-axis speed controller

The Bode diagram in open and close loop and the root locus for the g-axis speed

controller is shown in Fig. 3.11. It can be observed that the PM value is 35.4 deg and the GM is

16 dB. Both positive, which means the loop is stable, and the value for the damping coefficient

(é) is not the standard value of 0.707. The small value of the phase margin gives a step

response with big overshoot as can be noticed in Fig. 3.12, where the value of the overshoot is

46 % and the value of the setting time is 15.7 ms.
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Fig. 3.12 Step response for g-axis speed controller

A new adjustment is required in order to reduce the value of the overshoot. Using the

values from OSC as initial point, the new values for the speed controller were found by trial
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and error, until obtain the desired performance. The new values for the adjusted Pl are
kpi = 1.9488 and k; = 199.9468.

Fig. 3.13 and Fig. 3.14 the Bode diagram and the root locus are presented, in the first
one, and the step response in the second one. From the Bode diagram it can be seen that the
GM is 16 dB and the PM is 35.4 deg. Hence, the system is more stable with the new
parameters. From the root locus can be determined the natural frequency of the system in
w,=35.4 Hz. This is about 12 times less than the bandwidth of the current controller.

In Fig. 3.14 the step response of the speed for the new Pl parameters is presented. From
the figure it can be noticed that the overshoot is has been reduced until a value of 23.6 % and
the settling time is 26.4 ms.
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oy

Peak amplitude: 1.24 onse
14 e E— Overshoot (%): 23.6 I I I I
| | Attime (sec): 0.00995 |
System: Closed Loopr toy
-~~~ f-—--—-t= lO:rtoy -7
Settling Time (sec): 0.0264
—_— = — ] — - 3+ - —
=== =
| | |
| | |
[} ———_— - —— = - = — =+ - — — —
g | | |
i | | |
3 o __r____
< | | [
| | |
| | |
Y
| | |
| | |
| | |
e S e et R B
| | | | |
| | | | |
1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Time (sec)

Fig. 3.14 Step response of the speed controller
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d-axis current controller

The d-axis control loop has only one PI, which controls the i;5. The structure of this PI
is the same as the structure of i,s current controller and the values are k,; = 3.33 and
kii = 300.

The analysis of the performance of the Pl controller was carried out using SISOtool.
The Bode diagram in open and close loop and the root locus for the g-axis controller is shown
in Fig. 3.15. The GM is 19.1 dB and the PM is 63.6 deg. Hence, the system for closed loop is
stable. From the root locus, the value of the damping (€) can be known, that is the standard
value of 0.707. The step response is presented in Fig. 3.16, where can be appreciated that the
overshoot is 4.56 % and the settling time is 2.29 ms.
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In the same way as the g current controller, the d axis current controller has to be re-
tuned in order to get a smaller overshoot. The new parameters for the Pl are k,; = 2.8359
and k;; = 255.231. The performance of the new tuning is showed in Fig. 3.17 and Fig. 3.18.
From the Bode diagram it can be seen that the GM is 20.5 dB and the PM is 67.1 deg. Hence,
the system for closed loop is more stable with the new parameters. From the root locus, the
value of the damping (£) it has been increased until a value of 0.776 and the natural frequency
of the system in w,=402 Hz.
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Fig. 3.17 Open and close loop Bode diagram and root locus for d-axis current controller

In Fig. 3.18 the step response for the new Pl parameters is presented. From the figure it
can be noticed a 1.97% of the overshoot and a settling time of 2.1 ms.
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Fig. 3.18 Step response for d-axis current controller
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3.1.3. Anti-windup

In any control system the output of the actuator can be saturate because the dynamic
range of all real actuators is limited. Whenever actuator saturation happens, the control signal
of the process stops changing and the feedback path is effectively opened. If the error signal
continues to be applied to the integral input under these conditions, the integrator stored
value will grow (wind up) until the sign of the error changes and the integrator turns around.

The result can be a very large overshoot because the output must grow to produce the
necessary unwinding error and the result is a poor transient response. In effect, the integrator
is an unstable element in open loop and must be stabilized when saturation occurs. The
solution to this problem is an integrator anti-windup circuit, which "turns off" the integral
action when the actuator saturates (14). In Fig. 3.19 an anti-windup scheme is for a Pl
controller shown.

e . u
o g > | Kpi — ++ o)
@—» Kii [—| /s

| =

Fig. 3.19 Scheme for controller with antiwindup and saturation block

<

In this scheme, as soon as the actuator saturates, the feedback loop around the
integrator becomes active and acts to keep the input to the integrator a small value. During
this time the integrator essentially becomes a fast first order lag.

The anti-windup gain, k,, should be chosen to be large enough that the anti-windup
circuit keeps the input to the integrator small under all error conditions. The effect of the anti-
windup is to reduce both the overshoot and the control effort in the feedback system.

The effect of anti-windup in the controller strategy is show in Fig. 3.20. In order to
saturate the speed controller a large step of 300 rpm was commanded and the speed response
is measured with and without anti-windup in the Pl controller. In the Fig. 3.20 it may be
noticed that without anti-windup circuit the response has a big overshoot and poor transient
response as is showed in the zoomed part.

The values are determined by the comparison of anti-windup signal after the gain k,
and the error which feeds the integral action. The values of the gain of anti-windup are, for
speed controller k, = 2.7, and for current controllers is the same k,; = 0.63.
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step in the speed reference of 300 rom

3.2. Sensorless Field Oriented Control

3.2.1. Sensorless control

The control of AC machines requires the knowledge of the rotor position and speed
information. For this reason, position sensors as an encoder are required for determine the
rotor position.

In some applications the presence of these sensors presents some disadvantages as
reliability, machine size, noise interferences and cost. Therefore, there has been much
research on eliminating the rotor position sensor mounted on the rotor of the PM machine
and obtain the rotor position information indirectly.

A sensorless control is composed of the control system and the estimator algorithm
which calculates the mechanical feedback information. Speed and position estimators can be
allocated to three main categories (15).

e Model based estimators: These methods use the model of the machine and the

measured electrical quantities to determine the rotor position and speed. The
measured electrical quantity is usually the stator current of the AC machine. Model
based methods are divided into the next categories:

-State Observers
-Back-EMF methods
-Flux linkage methods

e Signal injection estimators: An additional signal (voltage or current) is injected into the

motor and the position angle and speed are determined by processing the resulting
currents or voltages. Injection methods can be divided in two groups.

-High frequency: These estimators exploit the magnet saliency of the machine.
The injection signal is between hundred of Hz to kHz, that means that the
resistance in the motor can be neglected and the current will depend only on
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the inductance. Problems that will arise at zero and low speed are low signal to
noise ratio on the resulting currents making the measurements sensitive to for
example noise and non-linearity in the converter (16).

-Low frequency: These estimators are based on the mechanical vibration of the
rotor. The method uses frequencies between few Hz to few hundred Hz.

e Soft computing estimators: Use neural networks, fuzzy logic or genetic algorithms to

estimate the speed and position. Neural networks learn the properties of the
particular machine using predetermined training data.

One of the most mature methods is the back-EMF estimator, it has good performance in
medium and high speed range. Due the magnitude of the back-EMF voltage is proportional to
the speed , when the rotor rotates at low speed the magnitude of the voltage is very small or
zero. (3). In order to overcome this drawback extensive research has been carried out to
develop estimators where the problems at low speed can be avoided. These methods also
suitable at zero speed are called injection methods.

In salient machines voltage test signals can be injected and the resulting currents
processed to obtain the rotor position estimation, independent to the back-EMF. The test
signal can be continuous high frequency voltage, discrete voltage pulses or modified Pulse
Width Modulation (PWM) pulses (17). Nevertheless, sensorless control at zero speed is still a
challenge, especially for sPMSM, where the magnet saliency is really small.

PMSM said to be salient if the stator inductance measured in the direction of the flux L, is
different to the inductance measured in the direction of the torque producing axis L,. PMSM
is generally considered to have symmetrical rotor, but a small amount of geometrical
asymmetry is normally present due to the semi-insertion of the magnets into the rotor iron. In
a sPMSM with semi inserted magnets, as shown Fig. 3.21, the extra iron in the quadrature
magnetic path g and the stator’s teeth saturation in the flux direction d results in small
saliency in the effective air gap length. As a result, the inductance in the flux axis Ly is smaller
than the inductance in the quadrature axis L, producing the stator inductance to be function

of the rotor position (18).

Fig. 3.21 Surface permanent magnet machine with semi-inserted magnets
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3.2.2. High frequency signal injection methods

These techniques are specially used in interior Permanent Magnet Synchronous Motor
(iPMSM) due the high saliency ratio, however this might be used with sSPMSM exploiting the
small saliency produced by the saturation effect of the stator core, due to the permanent
magnet flux (19) saturate the stator iron in d-axis, increasing the effective air gap and
decreasing the inductance in that direction. If Ly and L, are not the same the stator voltage

length changes and the direction of the resulting current vector is not the same.

In this method a high frequency signal, higher than the nominal angular speed, is
injected into the motor and the position angle and speed are determined by processing the
resulting currents or voltages. The injection can be continuous when a sinusoidal signal is
added with superposition on top of the fundamental voltage reference and the SVM is not
interrupted. In discontinuous injection the normal modulation is stopped at regular intervals
and test pulses are injected into the motor, modifying the fundamental PWM pattern to
contain a voltage pulse the rotor position can be tracked (16).

The types of high frequency injection estimators are briefly discussed in the following
sections (15).

¢ Periodic injection signal created by the modified PWM

It is known as INFORM method (INdirect Flux evaluation by Online Reactance
Measurement) and is consider as a quite mature method. The basic idea is that the signal
injection is performed by modifying the PWM operation. At constant intervals the PWM is
stopped and a test voltage vector is injected into the motor. The change of the phase
currents during the test voltage injection is measured. Voltage and current information is
used to determine the reactance in a complex plane, this INFORM reactance contains the
information of the rotor position.

e Continuous signal superimposed on the fundamental frequency excitation signals

Continuous injection methods do not need any modification of the PWM. A high
frequency voltage or current signal is superimposed on the fundamental frequency
excitation signals. The waveform of the injected signal is usually sinusoidal and the
frequency may vary from few hundred Hz to kHz. The amplitude of the resulting high
frequency currents are modulated by the machine anisotropies. The position into is
extracted from the measured stator current or the stator voltage waveform. Continuous
inject estimator can be divided into two subcategories by the reference frame in which the
signal is injected.

-aB-Stationary reference frame: A high frequency voltage vector with constant

amplitude is added to the fundamental frequency voltage reference vector in
stationary a8 reference frame. The injected voltage vector has constant angular speed
and amplitude if is observed from the motor terminals. The resulting current vector
has constant angular speed but the amplitude is modulated by the motor saliency.
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3.2.3.

Current components with injection frequency are extracted from the measured
currents using filters. Phase locked loop type tracking algorithm or simple arctan
function is used to estimate the speed and position. The principal is to detect the
maximum and minimum values of the high frequency current vector and comparing it
to the angle of the carrier voltage vector. The rotor position can be solved because the
amplitude of the extract current vector is a trigonometric function of the angle
difference.

The voltage injection is recommended because the current control does not
interfere with the high frequency signal added to the output of the current controllers.
If the carrier signal is added to the current references the bandwidth of the current
control limits the performance of the estimator. Another approach is to measure the
stator voltages instead of currents and prove the zero voltage term. But usually
voltages are not measured in industrial applications.

-dg-Rotating reference frame: A constant amplitude sinusoidal high frequency voltage

signal is added to the voltage reference vector in the estimated reference frame. The
method is also called pulsating injection because the injected voltage has both positive
and negative sequence components. The signal processing method used to extract
position and speed information is similar to a8 injection method. The carrier is usually
injected to the estimated d-axis direction because if only the d-axis flux linkage
oscillates the acoustic noise is minimised because no torque is produced. If the
injected frequency is in the kHz region, the stator resistance is negligible.

High frequency signal injection method injecting in rotating reference
frame

When the rotor rotates at low speed the magnitude of the back-EMF voltage is very

small or zero and it cannot be used for estimate the rotor position, for this reason a scheme

based on the saliency phenomena is used. A high frequency fluctuating voltage signal is

injected into the machine in order to detect the saliency phenomena by superimposing to the

fundamental excitation signals.

This sensorless control scheme is not based on the saturation from the fundamental

excitation but is based on the magnetic saliency due to the saturation from the PM flux by

injection high frequency voltage signal in order to detect the magnetic saliency (3).

3.2.3.1.

Simplified high frequency model of the PMSM

The voltage equations in the actual reference frame presented in 2.4 can be rewritten

as Eq 3.25 were p is the differential operator.

[1755] _ [Rs + Lgp ] [Lds] [ ] Eq 3.25
1755 a)rLs R + Lsp lqs WrPm

If the high frequency components are only produced by the high frequency signal

injection the second term on the right hand side can be neglected due it does not have any
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high frequency component. The cross-coupling terms can be neglected in steady state if the
frequency of the injected signal is sufficiently high compared to the rotor speed because time
derivative terms of the current are proportional to the high frequency. Considering these
simplifications the voltage equations of the high frequency components can be expressed as
Eqg 3.26.

T T T T
Vasn| _ |Tan + LanP 0 ldsh Eq 3.26
r - r r T
quh 0 rqh + thp lqsh
Where vggp, Vgsn and igsp, igsy are the high frequency components of dg-axis voltages
and currents in the actual rotor reference frame. 13y, rq, and Ly, Ly, are dg-axis resistances

and inductances at high frequency in the actual rotor reference frame.

Using the frequency of the injected high frequency voltage signal the Eq 3.26 can be
expressed as Eq 3.27 in steady state.

[vgsh] _ |:r£h + jonLgn

ldsh] [Zdh ] [ldsh] Eq 3.27
,UT'
qsh

rqh + ]thqh] lqsh lqsh

Where zj;, and Zgh are the dg-axis high frequency impedances in the actual rotor
reference frame. In sensorless operation the estimated rotor reference frame should be used
instated of the actual one because the actual rotor position cannot be known. If the rotor
position error is defined as 8, = 6, — 8, the high frequency voltage equations in the
estimated rotor reference frame can be expressed as Eq 3.28.

] R(a) [ Zan ]R( )[ldsh]

lqsh

Eq 3.28

[quh

Z4iff ~ Zd
_ Zavg + > cos20, sm29 [ldsh]
= Z4i ~
%sinZGr Zavg — dlff cos26,

Where 74,4 and z4;¢ are the average and the difference of dq axis high frequency
impedances defined in Eq 3.29 and Eq 3.30

Zan + Zgn Eq 3.29
avg =g

Zaiff = Zgn — Zgn Eq 3.30

R(ér) and R(ér)_l are the rotation matrix and the inverse rotation matrix defined in
Fig. 3.22 and Eq 3.31 and Eq 3.32
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P» A

Fig. 3.22 Transformation between actual and estimated dq reference frames

faqg = qu .o~ Jor R(é ) _ coséf sin‘ir Eq 3.31
" —sinB, cos6,

faq = faq - 7% R(E) = cos@, —sind, Eq 3.32
" sinf,  coso,
Eqg 3.28 can be reduced to Eq 3.33. It should be noted that the impedance matrix in the
estimated rotor reference frame has cross-coupling terms, even though there are no such
terms in the impedance matrix in the actual rotor reference frame.

[Ugsh] _ [Zgh Zcrh] [igsh] £q3.33
Vgsh Zin Zgh igsh

Where Zgh, zgh and Zgh are dg and cross-coupling high frequency impedances in the
estimated rotor reference frame. Fig. 3.23 shows the equivalent circuit of the PMSM model at

high frequency in the estimated reference frame.

h
A r A r
T Ldn [ r Lgh [
| ran YL dsh I rgn v fash
+ —+ W + —+MAN—YYY LB
|
| | ; !
L _Zd  _ _ _ _ | Lo _Zgh  _ _ _ _ |

+ 4 oa

r
- N
ro.r r -
Vdsh () Zchigsh Vash <> Zehidsh

Fig. 3.23 PMSM model at high frequency in the estimated rotor reference frame

The high frequency impedances in the estimated rotor reference frame can be
expressed as:

N 1 ~ Eq 3.34
Zgn = Zapg t EzdiffCOSZQT
. ~ Eq 3.35
Zgn = Zavg — EZdiffCOSZQT
A Eq 3.36

1 o
Zip = Ezdiffsmzer
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The high frequency impedances in the estimated rotor reference frame are functions
of the rotor position estimation error. The cross-coupling high frequency impedance (Z?h) is
proportional to the “sine” function of the rotor estimation error (8,) if the high frequency
impedance difference is not zero. This means that the actual rotor position can be estimated
by forcing the cross-coupling high frequency to zero.

3.2.3.2. Sensorless control scheme

As was explained in 3.2.1 the cross-coupling high frequency impedance can be used in
order to estimate the rotor position. In order to use the cross-coupling high frequency
impedance the high frequency voltage and current information have to be known accurately.
The selected method use the high frequency current information due the high frequency
voltage information is obtained from the controller and is subject to the error produced for the
nonlinear characteristics of the converter, such the dead time and zero-current-clamping
phenomena. Also the use of voltage sensors increase the system cost and produce undesirable
phase delays due to the filters used for filter the converter harmonics. The high frequency
current information can be easily obtained and the current sensors are already part of the
drive system. The high frequency currents can be expressed using the voltage equations and
the relationship between the high frequency impedances.

7 7 7 7 7 7
[ldsh 1 [ Zgn —Zch] [Udsh] 1 [ Zgn —Zch] [Udsh] Eq3.37
SF P _ P2 ¢ 7 N 7 7 7
igsh Zthqh Zen 1=Zen Zgn 1 Vgsnl  ZanZgn 1—Zcn Zgn 11Vgsn

Using the current and voltage relationship through the cross-coupling high frequency

impedance, there are two possible injection and estimation schemes using the high frequency
current. Inject the fluctuating high frequency voltage signal on the g-axis estimated rotor
reference frame and use the high frequency current on the d-axis in the estimated rotor
reference frame or inject the fluctuating high frequency voltage signal on the d-axis in the
estimated rotor reference frame and use the high frequency current in the estimated rotor
reference frame. The injection only in d-axis is better regard to torque ripples and additional
losses from the high frequency currents. High frequency voltage generates high frequency
current in the same axis, therefore if the high frequency voltage is injected on the estimated g-
axis, it generates a big ripple torque.

vgs _ VinjCOSwht] Eq 3.38
UC;S 0

Where V;,jand wp, are magnitude and frequency of the injected high frequency signal.

From the previous equation, the g-axis high frequency current in the estimated rotor
reference frame can be expressed as:

R —z! 1 (rgirs + jwnLairs )ViniSin20, Eqg 3.39
igsh =— C’rl Vinjcoswpt = ( aiff T JOn dlff) 1 coswpt
ZanZgn 2 I+ jorlh) (7 Tn +jwnL] h)

Where 745 and Lgirr are the difference between d and g axis high frequency
resistances and inductances. If the high frequency impedances from the high frequency
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inductances are sufficiently larger than the high frequency impedances from the high
frequency resistances, the g-axis high frequency current in the estimated rotor reference
frame can be expressed as Eq 3.40

N Vipilrgirrcoswy t  wyLgireSinwyt N Eq 3.40
igshz zzn] dif f ht  Wnlaiff h sin20, q

2717 r 2717 T
wpLgnLgn wh LgnLgn

The sensorless scheme uses only the second term on the right hand side of the
equation because the saturation effect due to the permanent magnet flux is more effective on
the inductance than the resistance and the second term in the equation is orthogonal to the
injected high frequency voltage signal. Therefore the simplification effect described in the Eq
3.25 to Eq 3.26 is not significant because the high frequency current component from the cross
coupling term has negative phase from the injected high frequency voltage, provided that the
high frequency inductances are dominant in the high frequency impedance.

The signal processing method used in order to obtain the rotor position estimation
error from Eq 3.40 uses a bandpass filter, a multiplication and a low-pass filter as shown Fig.
3.24

A

Mg
its o——>| BPF | —">()—> LPF |—> f(@r)

T

-sin(wnt)

Wh

Fig. 3.24 Block diagram of signal processing

¢ The bandpass filter is used in order to extract the injected frequency component from
the g-axis current in the estimated rotor reference frame.

¢ A multiplication is used in order to extract the orthogonal term from the injected high
frequency voltage from the high frequency current.

¢ A low-pass filter is used to eliminate the second order harmonic term in the obtained
signal.

The high frequency component of the g-axis current in the estimated rotor reference
frame is obtained through the bandpass filter. If the signal is multiplied by the high frequency
component of the g-axis current as shown Eq 3.41, a signal consisting in two components can
be obtained. The components are the DC component and the second order harmonic
component, so if a low-pass filter is used with the appropriate corner frequency, the signal
containing the rotor position estimation error can be obtained.

—il s sinw,t = —|zgiprlsinQwnt +
ash nt = Lol | 2 |Zair|sin(2wpt + ¢)
Where |zqi7f| = \/7"2' + (wnLai )2 and tang = 224U

iff diff iff rauss
f(6,) = LPF|[—igspsinwpt]| = Yo Sin20,
WpLgplgn
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If the rotor position error is sufficiently small the input signal can be approximated to

~ Vindeiff ~ ~ Eq 3.43
fl0,) =~ ———=—0 Kopr0
( T) Za)hL‘ahL‘zh T errvr
In order to estimate the rotor position and the speed from the rotor position
estimation error information a Pl controller and an integrator are used as shown Fig. 3.25
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f(@) —>| PI

v
€

Fig. 3.25 Rotor position and speed estimation
The transfer function from the actual rotor position to the estimated one can be
expressed in:

l _ KPG)Kerrs + KIG)Kerr Eq 3.44
91” s?+ KP(DKerrS + KIG)Kerr

Fig. 3.26 shows the block diagram of the control scheme, the currents for the current
controllers are obtained through two low-pass filters after the measured currents are
transformed to the estimated rotor reference frame.
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Fig. 3.26 Block diagram of sensorless drive system

3.2.4. Control design

The estimator block cannot be added directly to the FOC scheme. Firstly, the estimator
components need to be tuned. The estimator is implemented using a Pl controller in order to
achieve the rotor position without error in steady state. In order to set the parameters of the
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Pl controller a close loop using the actual theta for create the error signal is implemented as
shown Fig. 3.27.

I
|
0 | _ A
¢ )—>| PI > 1ls —:——» or
A |
Or | | o
. ] » @r
| Estimator
e o e e o o — — — ]

Fig. 3.27 Virtual error

This method permits to set the parameters of the controller observing that the
estimated speed follows the actual speed. The estimator cannot follow perfectly the actual
speed due to an error delay. This error cannot be avoided but reducing the speed controller
parameters the bandwidth is reduced and the response of the controller is improved.

3.2.4.1.  Selection of the High Frequency signal

An important point of the selected sensorless scheme is the selection of the high
frequency signal, due the method is based on the high frequency impedance difference
between d and g axis. The main idea is to select an injection frequency as high as possible, that
makes the estimator faster. It is important because the position error is known after half of the
injection signal period. If the frequency is high enough the performance of the current control
does not get affected because the components are outside of the bandwidth of the control.
There are two factors that restrict the maximum frequency: (15)

-The increment of the injected frequency decreases the measured i, current with high
frequency component, which decreases the accuracy of the system. Also very high
frequency requires high voltage which is not acceptable in the practice.

- The frequency is also limited by the modulation frequency, if it is too high, the
injection voltage period is realized using only a few active voltage vectors. This
increase the number of harmonics in the measured i, current with high frequency
component, and the measure can be distorted due the large voltage transients.

In order to check the performance of the control under various injection conditions
some voltages and frequencies have been checked. Due to the magnitude of the injected
voltage affects the torque ripple, the injected voltage it is set to 20 V. The selected high
frequency has been set in 500 Hz because is 10% of the switching frequency of the converter
and clearly outside of the bandwidth of the current control (20). Table 3.1 shows the
parameters of the controllers for selected voltage-frequency.

Speed Controller Estimator controller
Kpi Kii Kpi Kii
20V-500Hz 0.18 5 300 5

Table 3.1 Controller parameters
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3.2.4.2.  Selection of the filters

In the signal processing block i, is filtered through a bandpass filter in order to obtain
the high frequency current component induced by the injected voltage. High order filter
introduces a long delay, for this reason a second order filter has been implemented. In order to
take only the high frequency signal a bandpass is used between 300 Hz and 800 Hz. Bode
diagrams show the magnitude and phase response of the bandpass filter. The filters used in
the laboratory are explained in detail in chapter 5.

Fig. 3.28 shows the Bode diagram of the bandpass filters used in the simulations, which
transfer function for a f; of 5 kHz is :

0.2452 z% — 0.2452 Eq 3.45
z%2 —1.223 z+ 0.5095
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Fig. 3.28 Bandpass filter magnitud and phase response

The filtered signal is demodulated by multiply by the sine of the high frequency injected
signal. A low-pass filter is used in order to remove the second harmonic and obtain the signal
with the position information. The selected filter is a second order low-pass filter with a cut-off
frequency of 40 Hz.

Fig. 3.29 shows the Bode diagram of the low-pass filters used in the experiment, which
transfer function for a f; of 5 kHz is:

0.0006099 z% + 0.00122 z + 0.0006099 Eq 3.46
z2 —1.929z+0.9314
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Fig. 3.29 Low-pass filter magnitud and phase response
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4. Simulation results

This chapter presents the simulation results for the FOC. The chapter can be divided in two
parts. In the first one, the PMSM is controlled in close loop, using the position feedback given
by the encoder.

The second part presents the results in open loop control, so without position sensor. In
both cases, with and without position sensor, the simulation was carried out in
Matlab/Simulink. The parameters of the PMSM are given in appendix D

4.1. Close loop Field Oriented Control

In order to validate the design of the close loop FOC the model has been tested under
different conditions. A test without load disturbance was studied in order to check the
performance of the control under speed steps. Lastly, the study cases were with load
disturbance for zero and low speed.

4.1.1. Case 1: No load and step up-down in the speed

In this study case the load is null. At the beginning, the reference speed is 500 rpm and
at 1 s a step-up of 500 rpm is applied to run the machine at 1000 rpm. At 2.5 s, another step is
applied until the previous reference.

In Fig. 4.1 can be observed that the speed performance of the machine tracks the

reference signal quite fast.

1100
| |
| | | |
000 - ---- - p——— —
| |
| |
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3 l l
g 700F-----—-4-----—-- e  m e —
o | |
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: speed meas :
400 1 1 1 1
0.5 1 15 2 25 3
Time [s]

Fig. 4.1 Reference and measured speed under no load

In Fig. 4.2, the torque response is presented. The torque remains in zero due to there is
no load applied. The fluctuations in the torque are produced when a step in the speed occurs,
which produces a variation in the current i.
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Fig. 4.2 Reference and measured torque under no load

Fig. 4.3 shows stator currents. The transients in the stator currents are produced when

there is a step in the speed due to the acceleration of the drive. Before and after the transient

the current value is really small due to the machine is running under no load conditions.
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Fig. 4.3 Stator voltages under no load

In Fig. 4.4 and Fig. 4.5 igs and i4s are showed. iyz; response remains in zero following

the imposed zero reference for the FOC control strategy, with a disturbance when the step in

the speed is applied.

The amplitude of the i;s response is quite reduced when the motor is running at a

fixed speed with no load, until a change in the reference speed is produced. This change in the

reference produces a transient in the current.
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Fig. 4.4 Reference and measured i current
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The duty cycles amplitude and frequency are bigger when high speed of the machine.

In the zoom area the shape of the signals can be appreciated in detail

4.1.2.

5 Nm

Duty Cicles

Da, Db, Dc

0.5 1
Time [s]

Fig. 4.6 Duty cycles under no load

Case 2: Zero speed with load torque steps

In this study case the speed reference is kept at 0 rpm and at 2 s a step load torque of
is applied until 3.5 s. The idea behind is to see how the reference speed remains zero

even a load is applied to the drive. Fig. 4.7 shows the performance under desired conditions,

from the figure it can be observed the effect when the disturbance is applied to the drive and

how the control reject the disturbance with fast dynamic response remaining the speed at the

desired reference.
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Fig. 4.7 Reference and measured speed at zero speed and load

Fig. 4.8 shows the reference and measured torque, as can be seen at 2 s a step up of 5

Nm is applied and at 3.5 s a step down remove the load.

Torque

Torque [Nm]

Torque ref
Torque meas

Time [s]

Fig. 4.8 Reference and measured torque at zero speed and load
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Fig. 4.9 and Fig. 4.10 show dg-axis currents. As is expected both magnitudes are 0 A
when no load is applied. During loading only g-axis current increase, d-axis current remains in
0 A except during the transient periods when the load is applied or removed. In Fig. 4.10 can
be observed under load conditions in the shaft i, will grow in order to generate the necessary

torque and it will be reduced under lower torque demands.
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Fig. 4.9 Refernece and measured i zcurrent Fig. 4.10 Reference and measured i 4current

4.1.3. Case 3: Steps up in the speed and load torque steps

In this study case the reference speed is set in zero and no load until 1 s when a step
up in the speed of 10 rpm is applied. At 2 s a step up in the torque of 3 Nm produce a transient
in the speed. At 2.5 s a second step up in the speed is applied and set it in 20 rpm. Finally, at
3.5 s another step up in the torque of 3 Nm is realized. As can be appreciated in Fig. 4.7 the big
load disturbance produced is rejected when the system is running at low speed. Fig. 4.7 also
shows how the reference speed is keep constant at zero, 10 and 20 rpm during the entire test
while the measured speed decreases around 11 rpm when the load torque is applied. In
conclusion, the measured speed deviates from the reference speed during the transients but it
maintains in its reference in steady state also during loading.
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Fig. 4.11 Reference and measured speed at low speed and load

Fig. 4.12 shows the reference and the measured torque, as can be seen at 2 s a step up
of 3 Nm is applied and at 3.5 s another step up set the torque in 6 Nm. In that case the
disturbance is produced due the speed steps and the value of this is 2.606 Nm
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Fig. 4.12 Reference and measured torque at low speed and load

4.5

As can be observed in Fig. 4.13 i; remains in zero for the different steps in speed and
torque load. As is expected i is 0 A when no load is applied as can be seen in Fig. 4.14, d-axis
current remains in 0 A except during the transient periods when the load is applied as shows
Fig. 4.13. During loading only g-axis current increase in order to generate the necessary
torque. Transients around 2 A can be observed in the i, when a step in the speed is applied.
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Fig. 4.13 Refernece and measured i 4 current Fig. 4.14 Refernece and measured i , current

Fig. 4.15 shows the stator currents, until the load torque is applied the currents remain
null. Can be observed that with a step in the speed the frequency increase but the amplitude
remains constant. The opposite happens when a step in the load torque is applied, the
frequency remains constant but the amplitude of the current increase.

Stator currents la, Ib, Ic
T

Current [A]

Fig. 4.15 Stator currents
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4.2. Sensorless Field Oriented Control

In order to validate the design of the open loop FOC the model has been tested under
different conditions. Firstly, load steps were applied when the motor is in zero speed. A test
with different load disturbances and speed steps was studied. In order to check the
performance of the control a change in the direction of the speed is applied. Lastly, two study
cases were at constant speed with and without load disturbance were studied.

4.2.1. Case 1: Zero speed with load torque steps

In this study case the speed reference is kept at 0 rpm and at 2 s a step load torque of
5 Nm is applied until 3.5 s. The idea behind is to see how the reference speed remains zero
even a load is applied to the drive. Fig. 4.16 shows the performance under desired conditions,
from the figure it can be observed the effect when the disturbance is applied to the drive and
how the control reject the disturbance remaining the speed at the desired reference.
Comparing with Fig. 4.7 the disturbance in the speed is bigger, close to 9 times more and the
dynamic response slower, around 4 times more.
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Fig. 4.16Reference and measured speed at zero speed and load

Fig. 4.17 shows the reference and measured torque, as can be seen at 2 s a step up of 5
Nm is applied and at 3.5 s a step down remove the load. Comparing with the close loop
control, the overshoot is more or less two times bigger as can be seen in Fig. 4.8.
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Fig. 4.17 Reference and measured torque at zero speed and load
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Fig. 4.18 and Fig. 4.19 show dg-axis currents. As is expected both magnitudes are 0 A
when no load is applied. During loading only g-axis current increase, d-axis current remains in
0 A except during the transient periods when the load is applied or removed. In Fig. 4.19 can
be observed under load conditions in the shaft i, will grow in order to generate the necessary
torque and it will be reduced under lower torque demands. As was explained before the
torque has bigger overshoot than in close loop control, this overshoot is reflected also in the i,
current. As in Fig. 4.9 i; remains in zero except in the transients, the main difference with the
close loop control is a ripple consequence of the signal injection.

Reference and measured Id current
5 - —

Reference and measured Iq current

1q current [A]

Time [s] Time [s]

Fig. 4.19 Refernece and measured i, current

4.2.2. Case 2: Steps up in the speed and load torque steps

In this study case the reference speed is set in zero and no load is applied until 1 s
when a step up of 10 rpm is applied. At 2 s a step up in the torque of 3 Nm produce a large
transient in the speed. At 2.5 s a second step up in the speed is applied and set it in 20 rpm.
Finally, at 3.5 s another step up in the torque of 3 Nm is applied. As can be appreciated in Fig.
4.20 the big load disturbance produced is rejected when the system is running at low speed.
Fig. 4.20 also shows how the reference speed is kept constant at zero, 10 and 20 rpm during
the entire test while the measured speed decreases when the load torque is applied. In
conclusion, the measured speed deviates from the reference speed during the transients but it
maintains its reference in steady state also during loading. Comparing with the close loop
response of Fig. 4.11 the disturbance is about 10 times bigger and the dynamic response
considerably slower.
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Fig. 4.20 Reference and measured speed at low speed and load
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Fig. 4.21 shows the reference and the measured torque, as can be seen at 2 s a step up
of 3 Nm is applied and at 3.5 s another step up set the torque in 6 Nm. The ripple is bigger than
in Fig. 4.12 where it was quite reduced. The improvement of the open loop control is the
reduction of the disturbance when a step in the speed is applied; it got a reduction from 2.6
Nm to 0.33 Nm. Contrary the overshoot when a load step is applied got increased 0.5 Nm and
the dynamic is slower.
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Fig. 4.21 Reference and measured torque at low speed and load

As can be observed in Fig. 4.22 i; remains constant for the different steps in speed and
torque load. Can be appreciated a considerable ripple, this is due the high frequency signal
injection which is superimposed to the d-axis voltage. As is expected i, is 0 A when there is no
load as can be seen in Fig. 4.22, d-axis current remains in 0 A except during the transient
periods when the load is applied as shows Fig. 4.22.Fig. 4.23. During loading only g-axis current
increase in order to generate the necessary torque. Transients around 0.5 A can be observed in
the i; when a step in the speed is applied. In comparison with Fig. 4.12 the transients in iy are
smaller but the overshoot when a step torque is applied is bigger and slower.

Reference and measured Id current Reference and measured Iq current

Id current [A]
Iq current [A]

|
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I
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Fig. 4.22 Refernece and measured i; current Fig. 4.23 Refernece and measured i, current

4.2.3. Case 3: No load and reverse speed

In this case, the machine is working with no load. At the beginning, the reference of
the speed is 10 rpm and at 2 s, a step down in the reference is applied to run the machine with
a reference of -10 rpm. In Fig. 4.24 can be observed that the speed performance of the
machine tracks the reference signal. With this test it can be checked that the control allows a
change in the direction of the speed, but is important to mention that a bit overshoot is
present and the dynamics need 0.25 s to work in steady state again.
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Fig. 4.24 Reference and measured speed with change in the direction of the speed

The torque remains in zero in steady state due to there is no load applied. The
fluctuations in the torque are produced when a step in the speed occurs, which produces a

variation in the current i as the previous case.
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Fig. 4.25Reference and measured torque with change in the direction of the speed

Fig. 4.26 shows i, current, as explained before it remains in zero for a change in the
speed. A big ripple is present in this signal due the high frequency signal injection. i, is zero

due no load is applied as can be observed in Fig. 4.27. A disturbance is present when the step
in the speed is settled as is expected after analyse the behaviour of the torque in Fig. 4.25.

Reference and measured Id current

Id current [A]
o
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Fig. 4.26 Refernece and measured i, current

4.2.4. Case 4: Constant speed and no load

Iq current [A]

Reference and measured Iq current

Time [s] )

Fig. 4.27 Refernece and measured i, current

In this case constant speed of 10 rpm is settled under no load disturbance. As can be

seen in Fig. 4.28 the measured speed follows the

Low Speed Open Loop FOC for PMSM

51



Chapter 4: Simulation results

Speed
10.1 ;
|
|
10.05-------------- X:09022 ——————-—-———————
— Y:10.02
£ .
e 10
Q
[}
=3 |
0 |
995 -~-~-~-----—--—-— -~ 4H-===
| speed ref
: speed meas
9.9 !
0.5 1 1.5
Time [s]

Fig. 4.28Reference and measured speed for a constant speed and no load
Fig. 4.29 shows the load torque, as is expected it is null because no load is applied. As in
the speed the ripple of the signal has a frequency of 500 Hz.
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Fig. 4.29 Reference and measured torque for a constant speed and no load

In Fig. 4.30 and Fig. 4.31 i;; and i4g are showed. iy response remains in zero following
the imposed zero reference for the FOC control strategy. It can be observed a ripple around 4A
due to the high frequency signal injection. The amplitude of the i,s response is zero when the
motor is running at a fixed speed with no load

Reference and measured Id current Reference and measured Iq current

10

i A
X:0.9882

X:0.9346
Y:4.251

Id current [A]
1q current [A]

-0.015
0.5

Time [s] Time [s]

Fig. 4.30 Refernece and measured i; current Fig. 4.31 Refernece and measured i, current

4.2.5. Case 5: Constant speed and load

This study case is quite similar to case 4, but in this case a constant load of 1 Nm is
applied. As can be seen in
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Fig. 4.32 the measured speed follows the reference of 10 rpm with a small ripple of

0.2%.
Speed
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10.05F--------------—- X:09442 - ——-------—-—- -
Y:10.02

Speed [rpm]
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o
|

|
|
995 - : ————————————————— -1
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: speed meas
9.9 !
0.5 1 15

Fig. 4.32 Reference and measured speed for a constant speed and load

Fig. 4.33 presents the torque response. It can be seen that it follows the reference with

a small ripple.
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Fig. 4.33 Reference and measured torque for a constant speed and load

In Fig. 4.34 and Fig. 4.35 i;s and iy are showed. iy response remains in zero following
the imposed zero reference for the FOC control strategy. It can be observed a ripple around 4
A due to the high frequency signal injection.

The amplitude of the i;s response is 1.35 A when the motor is running at a fixed speed
with 1 Nm of load. This amount of current in g-axis is required in order to generate the
demanded torque.
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Reference and measured Id current Reference and measured Ig current
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Fig. 4.34 Refernece and measured i, current Fig. 4.35 Refernece and measured i, current
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5. Experimental work

This chapter summarizes the laboratory work and results, the experimental parts of the
project which were carried out in the dSpace laboratory. The chapter begins with a short
explanation about the experimental set up. Also the rotor alignment procedure is presented.
Experimental tests for different study cases are presented.

Introduction

The laboratory experiments are done with a 5 kW converter which feeds a PMSM. The
parameters of the machine can be found in appendix E. Fig. 5.1 shows the general structure of
the experimental set-up.
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Fig. 5.1Experimental Set-up

The VLT-FC302 converter is controlled using five signals from the dSpace IPC card. Three
signals are for the duty cycles and two more for the enable and the trip reset. dSpace 1103
platform is used for implementing the control strategy. The input signals which feed the
dSpace system are DC voltage from the DC-link, the output currents from the converter and
the output signal from the encoder from the PMSM.

In section C of the appendix, more details of the set-up components can be found.
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Rotor alignment

Before the motor starts, the initial position must be determined. The method used is
executed once, during the first motor starting. The motor is powered with a static voltage
pattern and the rotor aligns to a predefined position. Before the constant current vector is
applied to the stator, the rotor position is not known, but after the stabilization period, the
rotor flux must be aligned with the stator flux, in order to achieve the maximum torque, as can
be seenin Fig. 5.2 . (21)

q unknown rotor position
(not aligned)

zero rotor position
(aligned)

Vi / J =0

Fig. 5.2Rotor alignment

The DC injection works when the stationary magnetic field in the stator is created. The
rotor will align itself with an unpredictable direction, which will be the closer one to be aligned
with the magnetic field of the stator, creating a strong braking force. (22) (23)

5.1. Field Oriented Control

FOC strategy, as it was mentioned in section 3.1.1, consists in three control loop, two
inner ones for controlling the currents and the outer one for controlling the speed of the drive.
The inner loops have to be faster than the outer, so a well tuned current loop is demanded. As
a first approach the rotor of the machine is blocked in order to tune the Pl with the properly
parameters until get the desired performance. The Fig. 5.3 shows the response of the current
controller for i, for references from 1 A to 4 A. Also the response of the iy is presented which
remains zero as was expected.

Current [A]
Current [A]

|

1
-0.5 0 0.5 1 1.5
Time [s]

(b)

Fig. 5.3 Response of iy and i, current
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For determining the bandwidth of the controllers it may be assumed that the
frequency where 45 deg phase delay occurs is considered as the bandwidth of the regulator
(24). The Fig. 5.4 shows the current regulation performance at a standstill. d-axis current in the
rotor reference frame was regulated with a sine wave reference. The magnitude of the current
reference was 1 A. In Fig. 5.4 a) and b), the offset of the currents reference were 0 A and 1 A,
respectively. In Fig. 5.4 a) the current was slightly distorted in the zero cross due to the
clamping effect. From Fig. 5.4 b) it can be determined that the bandwidth of the current
controller is 275 Hz. The bandwidth of i, is similar due to Ly = L.

a) Current regulation performance id zero offset

Current [A]

Time [s]
b) Current regulation performance id 1 A offset

15

Current [A]
P

o
&)

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time [s]

Fig. 5.4 Current reqgulation performance

The Low-pass filters in the feedback of the measured currents were neglected due to the
bandwidth of the current loop is 275 Hz and the injection signal has a frequency of 500 Hz, so
the current control is able attenuate the injected signal in the properly way without using a
filter in the feedback path.

Fig. 5.5 shows the sine response of the speed controller to show the bandwidth of the
speed regulator clearly from which the bandwidth of the outer controller is around 7 Hz. It
may be seen that the inner controller is much faster than the outer one.

speed [rpm]

280
0.2 0.3 0.4 0.5 0.6 0.7 0.8

(a) Time [s]

Fig. 5.5 Sine response of the speed controller
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5.1.1. Case 1: No load and step up-down in the speed

In the first case the field oriented controller performance was tested under no load

conditions. A step, up and down, of 500 rpm was applied in the command speed when the

machine was spinning at 500 rpm. In Fig. 5.6, speed, torque and three phase current response

are showed under the test conditions explained above.

From the graphs can be observed a small overshoot when a change in the speed

reference is demanded, this sudden change will produce a peak in the torque due to the

acceleration of the drive which generate a transient in the three phase current. The overshoot

for both steps in the measured speed is about 13%.
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Fig. 5.6 Speed, torque and current under no load and step up-down in the speed

Fig. 5.7, presents the iz and i;, performance under the desired test conditions. The
effect of the acceleration is reflected in the current, it may be observed that the value of iy
remains zero.
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Fig. 5.7 igand ig current under no load and step up-down in the speed
In Fig. 5.8, the space vector modulation is presented. When faster speed is required in

the drive, the frequency and amplitude of the modulation are incremented. In the zoom-in
areas these effects can be noted clearly.
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Fig. 5.8 Space vector modulation

5.1.2. Case 2: zero speed with load torque steps

In these test a load of 5 Nm was applied to the drive while any speed was demanded.
Fig. 5.9 shows how the dynamic of the control reject the effect of the applied torque keeping

the speed at zero with good performance.
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Fig. 5.9 Speed and torque response for zero speed with load torque steps

Fig. 5.10, presents the i; and i,, performance under the desired test conditions. The
effect of the applied load may be observed in i, which is the required necessary current for

controlling the torque produced by the machine, the value of i; remains zero.
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Fig. 5.10 i4 and iy, response for zero speed with load torque steps

5.1.3. Case 3: Steps up in the speed and load torque steps

In this test is presented the performance of the machine under low speed under load
and no load conditions. The machine spun at 10 rpm and 20 rpm, while the values of the
demanded load were 0, 3 and 6 Nm. In Fig. 5.11, speed, torque and three phase current
response can be checked under the test conditions mentioned above.

From the graphs can be observed how the speed follows the reference and how the
control overcomes the applied load. The effect of the load is reflected as a large perturbation
in the speed. From the graph of the torque it may be noticed how the electromagnetic torque
produced by the machine follows the load torque generated by the load.

The effect of different applied loads and speeds to the drive is reflected in the three
phase current by the fact under load conditions the required current for producing the
electromagnetic torque is bigger.
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Fig. 5.11 Speed, torque and current response for steps up in the speed and load torque

steps

Fig. 5.12, presents the i; and i, performance under the desired test conditions. The
effect of the applied load may be observed in i, which is the required necessary current for

controlling the torque produced by the machine, the value of i; remains zero.
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Fig. 5.12 i4 and i, current for steps up in the speed and load torque steps
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5.2. Sensorless Control

Signal processing

The signal processing of the current is a relevant issue in sensorless strategies due to it
has to be accurate in order to extract the rotor information precisely.

The FFT analysis of the signal was realize online under close loop operation.

In the setup used for carrying on the experiments was observed the presence of extra
harmonics in the neighbourhood of the frequency of the injected signal. The amplitude of this
harmonics was pretty high as it may be observed in Fig. 5.13 where a FFT analysis of the signal
is presented, in Fig. 5.13 b) a detail of the surrounding area of the injected signal is presented.
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Fig. 5.13 FFT analysis of the dignal before the BPF at 20rpm and no load

It was observed that the frequency and amplitude of these harmonics were depending
on the speed and torque applied to the machine. In Fig. 5.13 the machine spun at 20 rpm with
no load applied in the shaft.

In Fig. 5.14 the speed was also 20 rpm but 2 Nm applied as a load. In Fig. 5.15 the
machine spun at 10 rpm and no load.
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Fig. 5.15 Analysis of the signal before BPF at 10 rom and no load

From both figures can be noticed that the amplitude and frequency of the harmonics

close to the injected frequency has changed.

Due to this performance the bandpass filter used in the algorithm has to be really

narrow and high order in order to let pass just the injected signal and attenuate the effect of

these harmonics. In the experiment two Butterworth bandpass filter of order 4 were

implemented which cut off frequencies were between 499 Hz and 501 Hz. Fig. 5.16 shows

bode diagram for magnitude and phase of one of this filters.

Fig. 5.16 shows the bode diagram of one the bandpass filters used in the experiment,

which transfer function for a f; of 5 KHz is

0.001255 z% — 0.001255

z2—1.616z+ 0.9975

Eq 5.1
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Fig. 5.16 Bode diagram of one the bandpass filters

Input and output of the bandpass filter is presented in Fig. 5.17
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Fig. 5.17 Input and output of the bandpass filter

Fig. 5.18 shows the FFT analysis of the selected output bandpass filters where may be
noticed the attenuation of the surrounding harmonics
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Fig. 5.18 FFT analysis of the selected output bandpass filters

From the reference (3) the output of the bandpass filter is multiplied by -sin(wpt) in
order to extract the orthogonal term to the injected high-frequency voltage from the high
frequency current. In the experiment was observed that there was a variable diphase between
the output of the bandpass filter and the -sin(wyt). For getting the synchronization, the
diphase between the output of the bandpass filter and ideal -sin(wpt) was calculated
knowing when both signals cross zero, once the diphase was calculated it was added to the
signal —sin(wyt + @), which was used by the multiplication. Fig. 5.19 shows the structure of
the Simulink block diagram for achieving the synchronization.
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Detect Rise
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Subsystem2
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Fig. 5.19 Simulink block diagram for achieving the synchronization
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In Fig. 5.20 presents the result of the synchronization between the output of the

bandpass filter and - sin(wyt), it can be noticed both signals are in phase.
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Fig. 5.20 Synchronization between the output of the bandpass filter and —sin(wyt),

According with (3) when both signals are in phase the resultant signal has to
components which are the dc component and a second order harmonic component. Through

the FFT analysis in Fig. 5.21 can be observed.
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Fig. 5.21 FFT analysis before Low-pass filter

For getting rid of the second order harmonic term a Butterworth low-pass filter of first
order was used with a cut-off frequency settled at 100 Hz. Fig. 5.22 shows the bode diagram
and Eq 5.2 the transfer function of the filter for a switching frequency of 5 kHz is presented.
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Fig. 5.22 Bode diagram of the Low-pass filter

Eq 5.2

0.05919 z% + 0.05919 z

z2 —0.8816 z

The FFT analysis of the output signal in Fig. 5.23 confirms just the DC component is

obtained at the output and the rest of the frequencies are neglected.
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Fig. 5.23 FFT analysis after Low-pass filter

Fig. 5.24 the performance of the filter where the Fig. 5.24 a) shows the input of the low-

pass filter signal which contains the DC component and the second harmonic. Fig. 5.24 b)

shows the output of the low-pass filter which contains just the DC component of the signal.

Low Speed Open Loop FOC for PMSM

67



Chapter 5:Experimental set-up

S|gnal before LP

mzzz ‘llll\l\ll | ‘l\\‘\‘ | 1 ‘ S'g”a'
s I U AR Mh Il M I (R W WM 1l
e A \N Ll 4\“ H \ Il HH\ LAY H L MH I \N H W ‘\\ \HH M »\U \'H il \MHMI
005 L6 17 18 L9 2 21 2.2 23 24 2.5
. Time [s]
signal after LP
0.04 | | | | :
9 0.03 b mimnm i MR ‘ (A ‘IF \W M U T IH‘ L R 5'9”
£ oo2f- T i e R S A
s Tt S SO O SR S e S
1.5 1?6 1.;7 1?8 1?9 2 2?1 2?2 2.;3 2?4 2.5
Time [s]
Fig. 5.24 i, before and after the Low-pass filter
Look up table

Due to the relation between the speed and the rotor position estimation error
information (f(8)) is not lineal and adaptive controller made with a look up table is used
instead of use a conventional Pl controller. The different values used to build the look up table
are obtained experimentally. The inputs of the table are the speed and rotor position
estimation error information. The output of the look up table must be multiplied by the rotor
position estimation error in order to obtain the desired angular speed.

speed
f(0) -20 -10 0 10 20

-0.06 139.59 69.7972 0 0 0
-0.05 167.52 83.76 0 0 0
-0.04 209.4 104.7 0 0 0
-0.03 279.1972 139.59 0 0 0
-0.02 418.8 209.4 0 0 0
-0.01 837.6 418.8 0 0 0

0 558.4642 | 279.2321 0 349.0401 | 620.5158
0.01 0 0 0 418.8 837.6
0.02 0 0 0 209.4 418.8
0.03 0 0 0 139.59 279.1972
0.04 0 0 0 104.7 209.4
0.05 0 0 0 83.76 167.52
0.06 0 0 0 69.7972 139.59

Table 5.1 Look up table
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5.2.1. Case 1: Constant speed and load

This study case is done under 1 Nm of load when the machine was spinning at 10 rpm.
Fig. 5.25 shows the response of the speed, it can be seen the estimated speed follows the
reference but the real speed of the machine has many fluctuations. Electromagnetic torque
has higher value than reference due to the value of the i, is bigger than expected.
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Fig. 5.25 Speed and torque response under 10 rom and 1 Nm of load

In Fig. 5.26 the three phase currents are presented the high ripple in them is caused by
the signal injection which superimposed to i, is non zero due to the signal injection is applied
in the d-axis, igref has oscillation between 2.1 and 1.9 A, this is reflected in the torque.

| \ { \ H"ﬂ \ 1\ 1 \ 1” H! |
‘N'”‘”‘!“HH“

| \
1 1 1 1
1 1 1 1
2 3 4 5
Time [s]

lalblc

M

Current [A]

Low Speed Open Loop FOC for PMSM
69



Chapter 5:Experimental set-up

Id
4 | | | |
’ ’ ‘ ‘ Idmeas : : meas
2l H “\ (1 St ‘ ' \
= [N < A
= [ \\HN = S
o e !‘l"'i" il
o o l
2l \“‘ I ‘V | ||‘ ‘\ \v “H | | | H H
4 1 | | | 1.5 : : :
1 2 3 4 5 6 1 2 3 4 5 6
Time [s] Time [s]

Fig. 5.26 Three phase and dq current responses under 10 rom and 1 Nm of load

In Fig. 5.27 the estimated angle is presented. The labels show that the error is not
constant due to the oscillations in the real speed.
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Fig. 5.27 Angle response under 10 rom and 1 Nm of load

5.2.2. Case 2: Constant speed and no load

This study case is done running at 10 rpm and no load conditions. Fig. 5.28 shows the
response of the speed and the angle. If a comparison is made with the previous case it can be

observed that the error angle is bigger when there is not load applied to the shaft the
machine.
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Fig. 5.28 Speed and angle response running at 10 rpom and no load conditions

5.2.3. Case 3: No load and reverse speed

A reverse speed applied to the drive under no load conditions. As in the previous
cases the error angle is pretty big but even though the estimated speed tracks the reference.

The experiment shows the performance of the sensorless control when the mechanical
speed command is varying from 10 rpm to -10 rpm under no load conditions.
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Fig. 5.29 Speed and angle response for a change to reverse speed

Fig. 5.30 and Fig. 5.31 show how the synchronization is realized when there is a reverse
speed applied to the drive, in the first figure shows how the signal looks after the bandpass
filter which has to be synchronized whit the injected sinus. The second figure shows how
synchronization is applied when the machine has to spun in the opposite direction; diphase of
180 degrees is needed in order to get a negative DC component. When the high frequency

signal is multiplied by the synchronization signal the result is a DC signal and the second
harmonic.
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Fig. 5.30 Synchronization between the signal Fig. 5.31 Diphase of 180 degrees between the

after the bandpass filter and the injected sinus signal after the bandpass filter and the injected
sinus when the machine has to spun in the

opposite direction
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As it was mentioned before and as can be notice from Fig. 5.32 a), the resultant signal
has two components, the DC component which is negative when the speed changes direction,
and the other one is the second harmonic which frequency is the double of the injected signal,
that is presented in Fig. 5.33. Fig. 5.32 b) is the output of the low-pass filter.

iq before LP

I I !
I I i
,,,,, \,,,,,4,,, IqbefLPi

0.1

0.0

al
T
|

I

il ‘N‘ wv ” ” f “ i "H” |“|““
(It

o

Amplitude

0.05 — -

1 1 1
1 1 1
1 2 3 4 5 6
a) Time [s]
iq after LP

-0.1

0.04

0.02 [T 1 Mg 02

Amplitude

7 A

-0.04
1
b) Time [s]

Fig. 5.32 Signal before and after the low-pass filter
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Fig. 5.33 Zoom of the signal before the low-pass filter

Performance of the system under unstable conditions

In order to validate the performance of the system in different working points, that
means, bigger load torques and higher speed reference, many cases were tried in the lab with
unsuccessful results. First assumption was a problem with the high harmonics in the
surrounding area of the injected signal, due to the variation of these depending on the speed
and load applied to the drive as it was presented in chapter 5.2. From the FFT analysis of the
signal before and after the bandpass filter was determined that the harmonics were removed
in the properly way by the propose filter. The Fig. 5.34 and Fig. 5.35 show the FFT analysis for
increment in the load torque form 1 to 2 Nm at 10 rpm and step in the speed from 10 to 20
rpm with no load, respectively.
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Fig. 5.34 FFT analysis of the signal before and after the bandpass filter at 10 rom and a

step in the load of INm to 2 Nm
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speed from 10 to 20 rpom with no load

After testing the bandpass filter the synchronization was studied in order to assess the
properly performance. The cases mentioned before were also used in this point. In the figures
Fig. 5.36 and Fig. 5.37 the left blue colour corresponds to the stable performance and the red
right one is when the system becomes unstable. In both cases the synchronization is achieved
all time even the system becomes unstable.
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Fig. 5.37 Synchronization between the signal after the bandpass filter and the injected

sinus for a step in the speed from 10 to 20 rpom with no load

Initial error

One of the main problems observed for all experiments in the lab was the large initial
error between the estimated angle and real angle. When the load in the drive is applied the
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error is smaller. Fig. 5.38 shows the case for 10 rpm and no load conditions and Fig. 5.39 shows
the performance for the same speed and 1 Nm applied as a load.
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Fig. 5.38 Initial error between the estimated angle and real angle for 10rpm and no load
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Fig. 5.39 Initial error between the estimated angle and real angle for 10rpm and 1Nm of
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In order to avoid the initial error different order of filters were implemented with
unsuccessful results.
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6. Conclusions

This project has the main scope to eliminate the encoder mounted on the shaft of a
PMSM by implementing an algorithm from where the position and speed will be
determinated.

Before implementing the algorithm in the laboratory is necessary to test the theoretical
performance by using the simulations. Firstly, close loop FOC strategy with the sensor was
implemented. In order to achieve a stable system and a properly tunning of the the PI . Finally
the model was tested in Matlab/Simulink under different test Different sensorless methods
were studied. The method chosen in this case is based on High frequency injection signal .

FOC with the sensor was implemented in dSpace laboratory. The results from the
laboratory work shows good performance when the machine is running with and without load
disturbance. Sensorless control was tested also in laboratory. During the laboratory test some
drawbacks were presented, these are summarized below.

e Audible noise due to 500 Hz injection

e Oscillations in the mechanical speed especially when the machine is no loaded due to
the speed estimator error

e High frequency harmonics in the surroundings of the injected frequency where
present before the signal processing. For this reason, really narrow and high order
bandpass filter is used.

e Firstly, an inconstant diphase between the output of the bandpass filter and the
injected sinus did not allow the synchronization between both signals in the properly
way. In order to avoid this drawback the zero cross detection for both signals was used
in order to know the diphase between them each time that the signals cross zero. This
diphase was added to the signal used to extract the orthogonal term of the output of
the bandpass filter with satisfactory result.

e When the system becomes unstable under higher speed reference and more that 1
Nm of load torque some considerations were taking in account in order to validate the
properly performance of the signal processing. That conclude, the unstable issue it
does not come from this part of the algorithm.

e One of the main drawbacks in the achieved performance was a large starting error in
the angle estimation which could not be neglected.

Future Work

e Improvement of the reliability of the sensorless algorithm applied.-

e Study how the parameters of the machine affect the reliability of the self sensing
algorithm. Such as, effect of the stator resistance and polarity of the magnets.

¢ Implementation the algorithm for higher injected frequency.

e Study the effect of the non-linearity of the converter in the proposed algorithm.
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Appendix A

Clark and Park transformations

The aim of this section is to introduce the essential concepts of reference frame theory
(23). The three-phase voltages, currents and fluxes of AC-motors may be expressed in terms of
complex space vectors (transformations are the same for all of them).

The dg transformation is done from the three phase stationary coordinate system to
rotating dq coordinate system. This transformation can be split in two steps:

- abc to aB (the Clarke transformation) which outputs a two co-ordinate time-
variant system.

- aB to dg (The Park transformation) which results in a two co-ordinate time
invariant system.

Fig. A.1Vectorial representation of abc, dq and a6 reference frames

e (Clark transformation: The abc to a3 projection

With Clark Transformation is possible to separate the machine complex space vectors into
real and imaginary part, and refer them to a stationary reference system. (5)

AB
a —p o b
b —p| Clarke
—> B
¢ —> Xg v
Xa +Xp +X =0 > aa
Xo =X, ¢

Xp = (Xa+2Xb )/\I3
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Fig. A.2 Clarke transformation

X, 1 43 :
(§g)=k_; , )@;)
2 2

To transform from the stationary two axis frame to the stationary three axis frame of
the stator the Inverse Clark transformation is used

1 0 Eq. A.1
[ 1

1 1 Eq.A.2
1 —= —=\ /X
(Xa> 2 2 2 X“
Xp 3\0 V3 V3 [\
_— —— c
2 2

e Park transformation: The af to dq projection

This transformation modifies a two phase orthogonal system a8 in the dg rotating
reference frame, that is rotating with the rotor flux. This two axis rotating coordinate system
iscalled the d-g axis and represents the rotor angle.

— > B
Xa —- Xy A
Xs—» Park

o —P Xq

X4 = X€056+Xgsin®
Xq =-X,sin0+XgcosO

Fig. A.3 Park transformation

(i) = (o) st ) ) -

To transform from the two axis rotating d-q frame to the two axis stationary frame
Inverse Park transformation is used

(Xd> _ ( cos(0) sin(H)) (Xa> Eq. A4
Xq)  \=sin(8) cos(8)/\Xp

e abctodq and dq to abc projection
abc - dq

2T 21T
Xa\ 2 cos(§)  cos (9 - ?) cos (9 + ?) );a Eq. A.5
(Xq) 3 ) . 2 . 21 b
—sin(f) —sin (9 - ?) —sin (9 + ?> X;
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dq - abc
/ cos(0) sin(@)
(§Z> _ |\cos (9 - 2?71) —sin (9 - 2?71)

2T 21
cos (6’ + —) —sin (6’ + ?)

Eq. A6
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Appendix B
Modula code

Mo_duty.c

The code was provided by Aalborg University and adapted for this project.

#1 ncl ude <mat h. h>
#i nclude <stdlib. h>

#define SQRT3 1.73205

struct duty{
float Da;
float Db;
float Dc;

H

doubl e sign(doubl e x)
{ if (x >0.0)
return 1.0;
el se
return -1.0;

struct duty no_duty(doubl e val fa, double vbeta, double Vdc)

{
double weight,dlimt,glimt,t1,t2,tenp;
struct duty D

wei ght =(doubl e) (Vdc/ (SQRT3*sqrt (val fa*val fat+tvbeta*vbeta)));

dl i mt=fabs(val fa*wei ght);
glimt=fabs(vbet a*wei ght);

if (fabs(valfa)>dlinit)

{
val fa=(3*sign(val fa)*dlimt)/(2*Vdc);
}
el se
{
val fa=(3*val fa)/ (2*Vdc);
}
i f(fabs(vbeta)>qlinit)
{
vbet a=(3*sign(vbeta)*qlimt)/(2*Vdc);
}
el se
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vbet a=(3*vbeta)/ (2*Vdc);

R R Modul ation -----------------"-----~----- */
if ((val fa>=0) && (vbeta>=0))
{
if (vbeta < SQRT3*val fa) /*Sector 0 */
{
t 1=0. 5*(val f a- (vbet a/ SQRT3) ) ;
t 2=vbet a/ SQRT3;
tenp=0.5-t1-t2;
D. Da=1-t enp; [*Duty cycle A*/
D. Db=1- (tenp+2*t 1);
D. Dc=t enp;
return b

el se
{ /*Sector 1 */
t 1=0. 5*((vbet a/ SQRT3) -val fa) ;
t 2=0. 5*((vbet a/ SQRT3) +val f a) ;
tenp=0.5-t1-t2;
D. Db=1-t enp; /[*Duty cycle*/
D. Da=1- (tenp+2*t 1);
D. Dc=t enp;
return D

if ((val fa<0) && (vbeta>0))
{
if (vbeta < (SQRT3*fabs(valfa))) [ *sector 2*/
{

t 1=(vbet a/ SQRT3) ;
t2=0. 5*(fabs(val fa) - (vbet a/ SQRT3) ) ;
tenp=0.5-t1-t2;
D. Db=1-t enp; /*Duty cycl e*/
D. Dc=1- (tenp+2*t 1) ;
D. Da=t enp;
return D

el se /| *sector 1*/

t 1=0. 5*((vbet a/ SQRT3) -val fa);

t 2=0. 5*((vbet a/ SQRT3) +val fa);
tenp=0.5-t1-t2;

D. Db=1-t enp; [*Duty cycle A*/
D. Da=1- (tenp+2*t1);

D. Dc=t enp;

return D

if ((val fa<0) && (vbeta<=0))
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if (fabs(vbeta) <= SQRT3*fabs(valfa)) /*sector 3*/
{
t 1=(f abs(vbeta)/ SQRT3);
t 2=0. 5*(fabs(val fa) - (f abs(vbeta)/ SQRT3));
tenp=0.5-t1-t2;
D. Dc=1-t enp; [*Duty cycle A*/
D. Db=1-(tenp+2*t1);
D. Da=t enp;
return D

el se /| *sector 4*/

t 1=0. 5*((fabs(vbeta)/ SQRT3) -val fa);

t2=0. 5*((fabs(vbeta)/ SQRT3) +val fa) ;
tenp=0.5-t1-t2;

D. Dc=1-t enp; [*Duty cycle A*/
D. Da=1- (tenp+2*t1);

D. Db=t enp;

return D

if ((val fa>=0) && (vbeta<0))
{
i f(fabs(vbeta)<=val f a* SQRT3) /| *sector 5%/

{
t 1=0. 5*(val f a- (f abs(vbet a)/ SQRT3) ) ;
t 2=(f abs(vbeta)/ SQRT3);
tenp=0.5-t1-t2;
D. Da=1-t enp; [*Duty cycle A*/
D. Dc=1- (tenp+2*t 1) ;
D. Db=t enp;
return D

}

el se /*sector 4*/

{
t1=0. 5*((fabs(vbeta)/ SQRT3) -val fa);
t2=0. 5*((fabs(vbeta)/ SQRT3) +val fa) ;
tenp=0.5-t1-t2;
D. Dc=1-t enp; [*Duty cycle A*/
D. Da=1- (tenp+2*t 1);
D. Db=t enp;
return b

Code in s-funton builder

Libraries tag
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#include <math.h>
#tinclude <stdlib.h>
#include "mo_duty.c"
struct duty A;

Output tag

A = nmo_duty(val fa[ 0], vbeta[ 0], vdc[0]);

D[ 0] =A. Da;
D[ 1] =A. Db;
D 2] =A. Dxc;
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Appendix C: Experimental set-up

Appendix C

Experimental set-up

The equipment which has been used for the implementation of the generator side

control strategy is shown in Fig. C.1. The experimental set-up follows the scheme introduced in

Fig. 5.1 . (25)

Fig. C.1: Physical layout of one FLEXIBLE DRIVE SYSTEM in dSpace Laboratory

PMSM

IM

Danfoss FC300 converter

DC sources

Control desk display

DS1103 PPC digital controller
Current/voltage measurement LEM-BOX

No v ks wNR

Specifications of the components

Siemens PMSM type ROTEC 1FT6084-8SH7:

e rated power: 9.4 kW

¢ rated torque =20 Nm

e rated current=24.5A

¢ rated frequency = 300 Hz
e rated speed = 4500 rpm.
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Appendix C: Experimental set-up

Danfoss FC300VLT (FC 302) frequency converter:

¢ rated voltage: input =3 phase AC 380 V, output = 3 phase AC380 V
e rated output frequency = 0.. 1000 Hz

¢ rated current: input=5.3 A, ouput=5.6 A

e rated power = 4.3 kVA

e switching frequency =3 .. 5 kHz

DS1103 PPC

¢ Motorola PowerPC 604e running at 333 MHz

e Slave DSP TI's TMS320F240 Subsystem

e 16 channels (4 x 4ch) ADC, 16 bit, 4 ps, £10V

e 4 channels ADC, 12 bit, 800 ns, + 10V

e 8channels (2 x 4ch) DAC, 14 bit , +10 V,6 pus

¢ Incremental Encoder Interface -7 channels

e 32 digital I/O lines, programmable in 8-bit groups

e Software development tools (Matlab/Simulink, RTI, RTW, TDE, Control Desk)

The DS1103 PPC card is pluged in one of the ISA slot of the motherboard of a host computer of
the type PlI/400MHz, 128 MBRAM, 6GB HDD, Windows NT 4.0. All the connection are made
through six flat cables (50 wires each) available at the backside of the desktop computer.

The dSPACE DS1103 PPC is a mixed RISC/DSP digital controller providing a very powerful
processor for floating point calculations as well as comprehensive /O capabilities.

The IM is fed by a frequency converter (Danfoss VLT5004 converter with a IPC2 board)
controlled directly by the DS1103 so a great deal of loading-torque characteristics can be
achieved.
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Appendix D

List of parameters

Parameter Value Unit
Rated phase voltage 164 \
Rated speed 4500 rpm
Rated current 20 A
Rated Power 9.42 kW
Rated torque 20 Nm
Stator phase resistance 0.19 Q
Synchronous inductances 2 mH
Number of pole pairs 4 -
Permanent magnet flux linkage 0.123 Wb
Rotor moment of inertia 0.0048 | Kgm?

Table D.1 sSPMSM parameters
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Appendix E: Simulink models

Appendix E

Simulink models
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Appendix E: Simulink models
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Appendix E: Simulink models
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Appendix F: Contents of CD

Appendix F

Contents of CD

e Report
0 Word
0 Pdf

References

Simulation Files

Laboratory Files
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