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PREFACE 

The present thesis represents an approach, based on high speed permanent magnet 
synchronous machine with one direcţional inverter, for control of the variable speed 
electric drives. 

Motivation 

In industry more that 60% of electrica! energy is consumed by electrical drives. 
That's why the demanding of more motor efficiency is increasing year after year. 
Three phase motors are wide-spread almost anywhere in: industry, electric traction, 
road vehicles, ships, aircrafts, military equipment, medical equipment etc. 
D.c. commutator was the first motor chosen to drive systems at variable speed. 
After 1970S vector control methods with new generations of inverters became an 
alternative solution. In last 10 years the importance of permanent magnet motors 
technology has significantly increased since the price of rare earth permanent 
magnet has decreased steadily. In this situation the permanent magnet motor 
replaces more and more, where it is possible, the induction motor. 
High speed permanent magnet machines are used in appiications such as pumps, 
centrifugal compressors, dental drills, aerospace technologies, etc. However, the 
control of these machines involves some issues. The control without motion sensor 
is mandatory for reasons of costs and reliability. The on line computation cycle 
decreases meanwhile the speed increases. Any observer, feedback control loops or 
coordinates transformation introduces undesirable time delays. The target of the 
thesis was to offer concrete solutions for advanced control of high speed electric 
machines. 
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Abstract 

The present thesis is dedicated to the performant control of high variable speed 
permanent magnet synchronous motors. Thus, the thesis is focused on two 
solutions in order to control this machine for pumps, micro-turbine started 
generation units, centrifugal compressors, grinding machines, textile machines, 
drill, dental drills, aerospace technologies etc. 
In order to use permanent magnet synchronous machines in motor drives for 
heating, ventilating, and air conditioning appiications, simple, low cost control 
methods are also important. The particular requirement of the control of 
permanent magnet synchronous machines is the synchronization of the a.c. 
excitation frequency with rotational speed. Usually a shaft-mounted position 
sensor is required for achieving this. This position sensor increases the cost 
and reduces the reliability in the drive system. This makes it undesirable for 
these appiications. 
The objective of this research project is to investigate sensorless control 
methods of permanent magnet synchronous machines with particular attention 
for high speed appiications requirements. 
Since high dynamic performance is a demand for this kind of high speed 
appiications, a suitable control approach for permanent magnet machines is 
proposed. 
The new control is based on standard V/f control with two suppiementary 
stabilizing loops. This control becomes more reliability with evident advantages 
beside standard V/f control with superior stability and dynamic. Much more the 
power computation is inferior to vector control but with similar speed dynamics 
and steady state errors. 
Beside the new control, the vector control performance is also discussed in the 
thesis. The control structure and the design of the controllers for fieid 
orientation control drive system are described. Four angle and rotor position 
estimators for sensorless operation of the fieid oriented controlled drive system 
are studied in detail. 
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Objectives of the thesis 

The major objectives of the thesis are: 

offer an overview of the variable speed permanent magnet electric machines 
and their control for power appiications and systems; 
develope simulation models for the complete system with high speed 
SPMSM; 

- testing rotor position and speed estlmators for surface mounted synchronous 
permanent magnet motors for sensorless control; 

- finding a sensorless vector control strategy, robust and accurate vnhich will 
startup under synchronous operation woridng with one tested estirnator; 
finding a novei sensorless control system for high-speed SPMSM with 
performance almost as good as the ones in vector control and some possible 
improvements; 

- simulation of different proposed controls and comparisons between them and 
vector control are the goal of an entire thesis; 

- implementation details and comprehensive test results on a developed 
system are expected; 

- advantages and drawbacks of the new control system and conrtparison results 
with the same system tested with vector control will be dorre; 
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Outiine of the thesis 

The thesis is organized In 7 chapters foilowing the above-presented objectives. 

The first chapter presents a comprehensive overview of actual varlable speed 
permanent magnet electric machines and their control. Detailed Information is given 
for all actual solutions. 

In the second chapter the vector control simulation models developed for analysis of 
the surface permanent magnet synchronous machine system are described and 
discussed. In this chapter four rotor position and speed estimators for surface 
mounted synchronous permanent magnet motors were tested. 

In the third chapter, experimental results of sensorless control, low-voltage, high 
speed surface permanent magnet system are illustrated in detail. The importance of 
voltage drop compensation of the inverter semiconductor devices was 
demonstrated, especially at startup and low speeds. 

In the forth chapter the simulation investigation introduces a novei set of two 
stabilizing loops to correct the voltage amplitude and phase in V/f control of SPMSM. 
Two solutions are introduced and both of them reduce speed oscillations, having fast 
speed responses. 

In the fifth chapter the experimental investigations of the new proposed control 
system are presented. The dynamics are similar to the vector control system 
dynamics Experimental results confirm the simulation results from the above 
chapter. 

In the sixth chapter the test rig used for the whole experimental work is presented 
and commented and in the seventh chapter the work is summarized and the 
conclusion, contributions and the future perspectives are stressed. 
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NOMENCLATURE 
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Bm 

En, 

Is 

ia / ib I ic 

J 

Ls 

Lm 

Rs 

P 

Te 

Tl 

Qa, Qş 

Voc 

'mec 

O). 'er 

er 

Viscous friction coefficient; 

Magnitude of the rotor permanent-magnet flux Induced voltage 

vector in steady state; 

Magnitude of the stator flux linkage induced voltage vector in 

steady state; 

Magnitude of the stator current vector; 

currents of stator phases a, b, and c; 

stator currents in a, p stator reference frame; 

stator currents in d, q rotor reference franne; 

Inerţia of the motor shaft and the load system; 

stator total inductance; 

magnetizing inductance; 

stator resistance; 

number of pole pairs; 

electromagnetic torque; 

load torque; 

internai reactive power in o, p stator reference frame; 

internai reactive power in d, q rotor reference frame; 

voltage stator vector; 

stator voltage in a, p stator reference frame; 

DC-link voltage; 

mechanical speed; 

electrical frequency; 

electrical rotor speed; 

electrical rotor position; 
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14 NOMENCLATURE 

Oi stator current vector angle; 

dv stator voltage vector angle; 

total stator flux; 

^PM rotor permanent magnet flux; 

Y total flux to current angle; 

5 load angle; 

Abbreviations 

a.c. Alternating current; 

d.c. Direct current; 

DSP Digital signal processor; 

EMF Electromotive force; 

LPF Low-pass filter; 

PI Proportional-Integral control; 

PM Permanent magnets; 

PLL Phase-locked loop; 

PWM Puise width modulation; 

SM Synchronous machine; 

SPMSM Surface permanent-magnet synchronous machine; 

SVM Space vector modulation; 
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Chapter 1 
Introduction 

1.1. Permanent - magnet electric 
machines 

Synchronous machines are doubly excited electric machines. 
In the convenţional type - d.c. commutation machines and synchronous 

machines - both of magnetic fieids are produced by currents that flows through 
windings connected to externai electrical sources. 

For the PM electric machines, one of the winding is replaced with permanent-
magnets so one of the externai sources is eliminated [1]. 

The replacement of the cooper winding in the SM's with permanent magnets 
brings the foilowing advantages: 

o higher effidency because the copper losses are reduced; 
o lower weight and reduced dimensions; 
o more compact construction; 

As main disadvantages of PMSMs we shouid mention here the foilowing two: 

o the excitation fieid cannot be controlled so easy as in convenţional 
synchronous machine by directiy controlling the fieId current; 

o the permanent magnets of very good quality are very sensitive to the 
temperature consequently the machine design and cooling shouid be 
adequate 

Permanent magnet machines have numerous appiications. The areas where 
this electrical devices start to be successfully used are mentioned below [2]: 
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16 Chapter 1 INTRODUCTION 

• Medium power alternators 

The configuration of PM alternator is similar to a convenţional synchronous 
alternator where the electric excitation system is replaced by permanent magnets. 
The main advantage of this arrangement is removing the brush/slipping system and, 
as disadvantage, losing of fieid control and reducing of flexibility of the operation 
have to be mentioned. 

• Automotive motors and generators 

The actual trend in the automotive industry and especially in modern 
automobiles and trucks construction is the replacement of the rare-earth magnets 
with PM machines. Consequently, this industry becomes the largest user of the PM 
machines. 

• Applications in Textile and Glass Industries 

In the synthetic fiber and glass industries, it is often important that the 
speed of different machines to be identical and exactiy related to the suppiy 
frequency. This capability of synchronous machines gives them an advantage in 
such appiications related to induction machines. 

This fact leads to an increased utilization of variable speed drivers in the 
textile and glass industries similar to the automotive appiications noted above. Here, 
reluctance and PM motors have been used with power semiconductor controllers. 

• Small Appiiance 

These appiications have traditionally been of the a.c. series or ''universal" 
configuration for house appiiances. Commutation problems are generally more 
severe in a.c. series machines than d.c. machines of similar size. However, in 
certain appiications where a more constant speed with load is desirable, the 
convenţional PM may offer a reduced cost and reduced maintenance due to 
improved commutation. 
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1.1 Permanent - magnet electric machines 17 

• Control Motors 

In many types of d.c. control and instrumentation appiications, including 
control motors, instrument drives, servomotors, revolvers, torque motors and 
tachometers. Reluctance sensors are also requiring PM excitation. Magnetic 
encoders are PM-excited. 

• Computer and Robotics Applications 

PM motors are used in this domain in large appiications because of noise 
level reduction, speed and torque control and flexibility of shape. An example, the 
so called spindie motor that is driving the most computer disks, is presented in Fig. 
1.1 

They combine advantages of synchronous motor technology with operaţional 
characteristics of asynchronous motors, providing high torque. Cooling system is 
enclosed within stator, and motor windings are protected against thermal overload 
by integrated temperature sensors. 

The main requirements of these motors are high starting torque and very 
precise speed regulation. 

PM motors are used mostly in other computer appiications, such as printers 
and type drives, where controlled motion is required. Another domain of appiications 
is the area of robotics. 

Fig. 1.1 Spindie motor with three-phase-wound stator and permanent-magnet rotor 

• Printed Circuit Motors 

Special constructions of the PMSMs are the so named ''Printed Motors". The 
name "printed circuit motor" was adopted to describe the special construction of 
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18 Chapter 1 INTRODUCTION 

these PMSMs whose armature winding were formed through a technological process 
which is in essence a photochemical printing similar to the one used for some types 
of PC board. These circuits can be also formed by stamping process. 

In control appiications, printed-circuit motors have very high acceleration 
capabilities compared to cylindrical motor and can operate at higher speed since 
their rotor inerţia is very low. 

1.2. Classification of PM electric machines 

Depending on the hardware design, electrical machines can be with d.c. or 
a.c. excitations. So, in the below paragraph, the most wide-spread machines are 
presented. 

Permanent magnet (PM) electric machines classification is: 
d.c. commutator motor (PMDC) 
brushiess motor (a.c. and d.c synchronous): 

- sinusoidal excited or a.c. brushiess motor (BLAC or PMSM) 
- surface magnets type (SPMSM) 
- interior magnets type (IPMSM) 

- trapezoidal type or d.c. brushiess motor (BLDC) 
stepping motor 

The construction of a PMDC commutator motor is similar to a d.c. motor with 
the electromagnetic excitation system replaced by PMs. 

PM d.c brushiess and a.c. synchronous motors have practically the same 
construction: with polyphase stator and PMs located on the rotor. The oniy 
difference is in the control and shape of the excitation voltage: an a.c. synchronous 
motor is fed (excited) with more or less sinusoidal waveforms which in turn produce 
a rotating magnetic field. In PM d.c. brushiess motors the armature current has a 
square (trapezoidal) waveform, onIy two phase windings (for Y connection) conduct 
the current at the same time. The current switching pattern for such a machine is 
synchronized with the rotor angular position (electronic commutation). A 
comparison between PM d.c brushiess and a.c. synchronous motors is presented in 
[3] and [4]. 
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1.2 Classification of PM electric machines 19 

It shouid be mentioned that PMACs are not buiit with damper windings in 
rotor mainly due to the high manufacturing cost. This kind of construction will cause 
some control issues. 

The PMSMs are synchronous machines whose fieid is generated by 
permanent-magnet located in the rotor. 

The commutation and brushes missing makes the machine structure very 
simple and eliminates the commutation problems associated to PMDC. This is 
important particularly where the machine is used in a relatively inaccessible location 
- such an outer space or in many automotive vehicle locations and for computer 
appiications. Due to its simplicity and compactness the PMAC machines are the most 
attractive machines from all of the PM electric machines. 

The rotor topology of PMSMs depends on how the magnets are placed in the 
rotor, as is presented in references [5] and [6]. 

The two common types, namely, surface permanent magnets and interior 
permanent magnets types are shown in Fig. 1.2. In the case of the surface 
permanent magnets synchronous motors (SPMSMs) the magnets are placed on the 
rotor core surface in the air gap, which results larger than for a classical machine. 
For the interior permanent magnets synchronous motors (IPMSMs) the permanent 
magnets are placed inside the rotor core. A particular case of this construction is the 
one with concentrated flux topology when the PMs are magnetized tangential not 
radial and the ratio of the pole area to PMs active area is larger than unity. 

Sutof 

Rtxof 

Pcrniâncnt 
magncu 

(a) (b) 

Sutuc 

Ro(or 

Pcrmincni 
nugncts 

Fig. 1.2 Permanent magnets synchronous machines with 

surface magnets type (a) and interior magnets type (b) 
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20 Chapter 1 INTRODUCTION 

Stepping motor drive consists of an input controller, a logic sequencer and a 
driver. The input controller is a logic circuit that produces the required train of 
pulses. It can be a microprocessor or microcomputer which generates a puise train 
to speed up and slow down the stepping motor. The logic sequencer is a logic circuit 
that responds to step-command pulses and controls the excitation of windings 
sequentially [9]. Output signals of a logic sequencer are transmitted to the input 
terminals of a power drive which turn on and turn off the stepping motor windings. 
The stepping motor converts electric pulses into discrete angular displacements. 

1.3. Permanent Magnet Synchronous 
Machines 

PM synchronous machines generally have the same operating and 
performance characteristics as synchronous machines operation at synchronous 
speed, a single or polyphase source of a.c. suppiying, a power limit above which 
operation at synchronous speed is unstable, reversible power flow etc. The 
configuration can be almost identical to that of the convenţional synchronous 
machine with the absence of the slip rings and a fieid winding and of course this is 
the principal merit of the PM synchronous machines. In general, synchronous 
machines are power reversibles, i.e., one configuration can be operated in either the 
motoring or generating mode. 

The PM synchronous machine is almost the simplest machine. Oniy 
reluctance machines are simpler in construction and in assembly production than PM 
machines, but reluctance machines, generally, develop less torque per unit of 
current and per unit of weigh. Therefore regarding of power output per unit of 
weight the PM synchronous machine is superior to all other brushiess synchronous 
machines but PM motors are generally more complex than several other types of 
synchronous brushiess machines, such as the reluctance and inductors machines. In 
terms of cost per unit power output it is also lower than all because the prices of the 
rare earth magnets decreased satisfactorily enough in the last years. 
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1.4 PMSMs versus induction machines 21 

1.4. PMSMs versus induction machines 

Due to the relatively high cost of the permanent magnets, the PM 
synchronous machines were introduced recently. However, once the cost of the 
permanent magnets was decreasing, PM synchronous machines became more sell 
than the induction machine, which have a lower cost, but a poor efficiency. 

Thus, making a comparison between the relatively high power system (20 
kW) of a PMSM and the one of an induction machine, the foilowing benefits for the 
former system result [10]: 

o the efficiency is increased with 10 to 15 percent compared to current a.c. 

systems; 

o variable speed capability with a proper command inverter keeps efficiency 

high while matching changes in demand; 

o all the PMSM systems shouid repay iniţial costs installation drive in few 

months: 12 to 30 months in the case of changing of an old induction 

machine drive system with a performant PM synchronous machine drive 

system and in at least 6 months in the case of choosing a PM 

synchronous machine drive system in the favor of an induction machine 

drive system; 

o using rare earth permanent magnet materials, permanent magnet motors 

are significantly smaller and quieter than traditional a.c. motors; 

o at 50 kg, the lighter, smaller, and quieter drive offers significant 

installation savings compared to convenţional a.c. package units with 

250 kg compressors. 

Alternating current (AC) induction motors, also known as ''squirrel cage" 
motors, drive compressor systems used in convenţional packaged air conditioners. 
Pressure to advance technologies in areas such as efficiency and environmental 
impact, however, are leading to the development of new technologies for the air 
conditioner market. 

PMSMs have permanent magnets in the rotor so do not require current 
magnetization component in the stator like induction motors and the efficiency î  
higher (no loses in the copper rotor winding as in the convenţional type). This 
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characteristic improves slgnificantly the efficiency in PMSMs compared with 
asynchronous machines. 

These machines have higher torque and/or output power per volunne than 
using electromagnetic excitation; have higher magnetic flux density in the air gap -
better dynamic performance than motors with electromagnetic excitation. 

The PMSMs are also attractive because can be designed with less weight and 
volume in contrast with induction machines. Moreover, they have high torque to 
inerţia (Te/J) ratio, which is attractive for appiications that demand fast dynamic 
response. 

PMSM systems also have a very high capability to suppress heat generation, 
particularly in rotors. 

Cage induction motors have been the most popular electric motors in the 
20̂ ^ century. The main advantages of the cage induction motors are their simple 
construction, simple maintenance, no commutator or slip rings, low price and 
moderate reliability. The disadvantages are their small air gap, the possibility of 
cracking the rotor bars due to hot spots and plugging and reversal, and lower 
efficiency and power factor than synchronous motors [12]. 

The entire electrical energy is consumed in motor drive in special for pumps 
and fans driving. The fans and pumps with slow torque response driven by PMSMs 
contribute to reduce the total energy consumption. 

Since PMSMs are synchronous machines without damping cage their control 
shouid have incorporated seif synchronization concepts. This demand is not required 
for induction machine control since it is an asynchronous machine. That's way the 
control concept is different between induction machines and PMSMs. 

The use of PMSM motors has become a more attractive option than the 
induction motor. Rare earth permanent magnets improve the motor's steady state 
performance and the power density (output power-to-mass ratio), dynamic 
performance and quality. 

On the market, the price of rare earth magnets is going down which is 
making these motors cheaper and more popular. 

Due to the fact that rotor has lower inerţia, there is a high gap magnetic flux 
and no-speed dependency of current limitation, the motor can reach a very good 
dynamic performance [13]. 
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1.5. Basic sinusoidal control methods 

By sinusoidal control of permanent magnet synchronous motors results that 
the drive has low torque perturbations and high dynamic performance. These 
motors have distributed windings which produce sinusoidal or quasi-sinusoidal mmf 
wave having very low harmonic contents. 

1.5.1. V/f control 

The problem of this control is caused by the missing of the damper windings 
(if the control is used for a PMSM). Thus, the open-loop V/f control without any 
improvements is hard to achieve fast dynamic response. Practically this control is 
fitting for appiications that do not require fast dynamic response. 

However, if we use a machine with damper winding, this control can be 
used. The asynchronous torque produced by rotor squirrel windings during 
asynchronous operation can damp the oscillations so the behavior of the PMSM is 
like an asynchronous machine in transitory periods. This makes possible to use 
simple open-loop V/f control algorithm for this type of IPMSMs as shown in Fig. 1.3. 
For this kind of machine (with damping windings) the standard V/f control will be 
used again oniy for appiications such pumps or fans that do not require fast dynamic 
responses. 

IPMSM wiih rotor 

Rolor squirrel 
cagc windings 

Fig. 1.3 Open loop V/f control, which can be used for IPMSMs with rotor 

squirrel cage windings [11] 
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Fig. 1.3 shows the V/f control approach for PMSMs with rotor cage windings 
which is similar to the one used for induction machine. However, one advantage of 
the PMSM drive is that the rotor speed is dependent oniy on the machine excitation 
frequency and it does not require slip compensation it does the induction machine 
drive. 

To control the PMSMs without having rotor cage is a difficult job. This means 
that machine does not guarantee the synchronization between a.c. excitation 
frequency and rotor frequency. Much more, the system will oscillate or it can not be 
driven. The instability and oscillatory power associated with the open loop schemes 
are highiighted. Furthermore, a closed-loop sensorless vector control scheme couid 
be developed to acquire the accurate rotor position for the entire speed range. 

1.5.2. Closed-loop speed and torque control 

In contrast with V/f control, the closed-loop speed and torque control is 
much better. The control can be achieved incorporating in the drive controller of the 
machine the torque and speed control elements. The drive control structure with 
torque and speed controller is shown in Fig. 1.4. The torque control is related with 
stator currents control requiring by stator currents feedback. Moreover, as described 
in this paragraph, to achieve self-synchronization, the rotor angular position 
feedback is also essential for the torque controller as opposed to induction machine, 
in those case this synchronization does not happened. 

Spccd 
comnumHiV 

io. 

Spccd 
cofitrollcr 

r 

I 
Phasc cufTcni frcdback 

Torque 
contrulIcT 

Angular \clucit> fcniback 

PWM 
VSI 

PWM 
VSI 

PWM 
VSI 

<0. d/d( 

Rotor angular 
poiiiion scmor 

Angular potmon fcedback 

Fig. 1.4 Block diagram of PMSM control scheme incorporating 

torque and speed controller 

The speed control can be achieved closing the speed feedback loop outside 
the inner torque control loop, so it can be said that speed loop is slower than torque 
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loop. The speed loop can be derived from the same angular position sensor; which 
is used to obtain the rotor position feedback. 

Direct torque control (DTC) of PMSMs is the best control method, but 
requires fast computation time so an expensive drive controller. Accurate flux 
estimation and torque estimation are also required for DTC. 

1.6. Rotor position sensor elimination 

Position sensorless control has beconrie popular for reliability innprovement 
and cost reduction for any electric machine. The cost reduction is more evident at 
small motors where the encoder is an important part of the total cost of the system. 
For the super-high speed PMSM systems, sensorless position is needed for 
performance improvement. Issues occur when exceeding a certain speed because it 
is very difficult to install and maintain a mechanical shaft position sensor for super-
high speed operations. A better solution is to replace the encoder with two Hali 
sensors, but these do not deliver the precise position of the shaft which is very 
important for the PMSM control. 

The position sensor mounted on the shaft is not desirable in the control due 
to many reasons: 

o is expensive and considerably increase the cost of the drive system; 

o extra signals wires are required from the sensor to the controller; 

o a special arrangement has to be made for mounting the sensor on the 

shaft; 

o some sensor types are temperature sensitive; 

o all are vibration sensitive; 

The reasons given above, lead to eliminate the shaft mounted rotor angular 
position sensor, which is convenţional used for self-synchronization in the control 
system. 

To achieve fast torque control, direct torque control (DTC) of PMSMs is 
another method to drive the machine [14] [15]. This strategy involves accurate flux 
and torque estimation and fast computation time. 
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SPMSM 

Fig. 1.5 Block diagram of DTFC control system without rotor angular position sensor 

The other method to drive the machine is the standard vector control 
strategy presented in Fig. 1.6. 

q) ki cp ki 

SPMSM 

Fig. 1.6 Block diagrann of sensorless vector control system without rotor angular position 

sensor 

The fieid oriented control systems are presented in Fig. 1.5 and Fig. 1.6. In 
the special literature, these methods are considered the most performant close loop 
control strategies. 
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These strategies have in common the fact that the information delivered by 
the position sensor is not used. The rotor position, required in the control, is 
provided by an estimator. Furthermore this estimator can observe (estimate) other 
parameters like torque and flux which are needed in the control system. 

Alternatively, in the special literature there are a few proposed controls as 
the one based on the standard V/f control (Fig. 1.4), but at which stabilizing loops 
are attached [11]. Fig. 1.7 presents a control system that uses a stabilizing loop on 
the frequency prescription. The correction is performed by analyzing the variation of 
the inverter d.c. link or the active power variation. 

Volugc 
calculalion 

Fig. 1.7 V/f control approach for PMSMs with one stabilizing loop and 

without using rotor position sensor[ll] 

A Stabilizing loop on the voltage module can also be introduced. Control 
systems using either one or other or both stabilizing loops can be proposed. 

However, there is an important difference on how the stabilizing loops are 
design. Depending on the chosen strategy, in some cases, these corrections couid 
lead to small improvements by reducing the pulsations in the speed waveform 
occurred in standard V/f control and, in other cases, they couId lead to more 
improvements compared with the results achieved with the vector control. 
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1.7. Super-High Speed PMSMs 

High speed motors develop mechanical speeds exceeding 10,000 rpm. 
Super-high speed PMSMs (> 50,000 rpm) are of great significance in a broad range 
of appiications, such as pumps, micro-turbine started generation units, centrifugal 
compressors, grinding machines, textile machines, drill, dental drills, aerospace 
technologles, etc. Typical super-hIgh speed PMSM Is presented In Fig. 1.8. 

Fig. 1.8 Super High speed PMSM 

Remarkably snnall size and llght weight are the most distinctive features of 
super-hIgh speed PMSMs, which lead to the high ratios of power to mass and power 
to volume. 

The main demands for high speed electrica! are [16]: 

o increased bearing robustness as a result of high mechanical stress 

o high efficiency cooling system to reach the highest output power-to-

volume ratio comparable with standard machine; 

o suitable lubrication system In order to get high quality behavior and 

mirror friction problems; 

o capabllity to work in different positions; 
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Since the centrifugal force (F) acting on a rotating mass is proporţional to 
the linear velocity (v̂ ) squared and inversely proporţional with rotation radius ( R) 
(1.1), the rotor must be designed with a small diameter and must have a very high 
mechanical integrity to resist to high centrifugal force, and a very good static and 
dynamic balance. Even very small unbalance can produce high vibration which 
becomes stronger with speed increasing. 

F - ^ (1.1) 

The developed power is basically proporţional with to the speed and the 
volume of the rotor. But this power is limited by thermal and mechanical constrains 
placed in the machine volume. The stator volume is limited by winding losses and 
heat dissipation. So the design of a high speed permanent magnet machine shouid 
take into consideration many aspects and, of course, does not have a simple 
solution. 

Compared to a convenţional speed PMSM system, the super-high speed 
PMSM system poses many challenges for its variable-speed operation over a wide 
speed range: 

o inverter with high switching frequency at high power ratings; 
o fast feedback loops in controller; 
o necessity of position sensorless algorithm. 

1.7.1. Inverter with high switching frequency at high power 
ratings 

A super-high speed PMSM system operates in the speed range from a few 
rpm to 50,000 rpm and above, with an excitation frequency from several to a few 
thousand hertz. So it is required that the switching frequency of the inverter to be 
as high as possible around 20 kHz. The designer of the inverter has to choose 
between MOSFET and IGBT. In practice, around this switching frequency, there are 
no single solutions. The choice will depend on the intrinsic transistor characteristics 
and the requirements of the appiication. The topology of the inverter and the d.c. 
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input voltage will affect the choice [7]. Additionally, a super-high speed PMSM 
features a very small resistance and Inductance of stator windings, which make 
extremely difficult the stator current regulatlon and will affect the final selection. 

1.7.2. Fast feedback loops in controller 

SInce the supper-high speed PMSM is running with fundamental frequency 
between few Hz and 20 kHz, corresponding to a speed from a few rpnn to 50,000 
rpm, the digital controller shouid use a very short sampling cycle to acquire 
feedback signals (if these exist), process data and execute algorithms to produce 
control connmands promptiy. So if we fix the PWM frequency at 20 kHz, then all the 
computations have to be done in max 50 ţjs . 

facle <= W m - 5 0 AiS ( 1 . 3 ) 

Taking into account all the above mentioned conditions, the control system 
can be implemented oniy if there is an adequate mathematical algorithnn and an 
expensive microprocessor such as the response is available in a time period lower 
than the cycle time. 

Of course, if the microprocessor is not powerful enough then the 
implementation of some control algorithms which require a longer computation cycle 
time can be limited. To avoid limitation, a powerful microprocessor has to guarantee 
( 1 . 2 ) . 

Anyway, at this high speed, extra fast digital signal processor is obviousiy 
needed or else 'Yeal time" control will be lost. Normally, the speed and current loops 
for the PMSM system has to be executed within several tens of microseconds to 
ensure oniine real time control. In such conditions, a general purpose 
microprocessor can not meet the required control speed and computing complicity 
simultaneousiy [8]. 
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1.8. Conclusion 

In this chapter, a review of the existent permanent magnet machines is 
presented. 

The contrasts and the similarities between each machine are here 
highilghted. 

Also the areas where these electrical devices are successfully used are 
presented. 

Then the differences between an induction machine and a synchronous 
machine are presented. 

The advantages of using a system incorporating a PM synchronous machine 
are here accentuated. 

The PM synchronous machines have their weight and the volume net 
superior than induction machines. 

Higher efficiency of the PM synchronous machines involves higher cost, 
which however can be damped in few months. 

Then an overview of the sinusoidal control methods is presented. The way 
each control acts is highiighted. 

Here the alternatives of the vector control using encoder are also presented. 
V/f control with stabilizing loops can be one of these alternatives. 

At last, the difficulties occurred in the construction and in the control of the 
high speed machines are presented. 
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Chapter 2 
Simulation of Vector Control for the 
Synchronous Machine with Surface 
Permanent Magnets 

Abstract 

This chapter presents the mathematical models for SPMSM control systems 
for high speed appiication. The models are developed taking into account the 
SPMSM, power converter and the control block and in each case a complete 
description of the components and required commands is given. The operation of 
the control system under normal conditions of the power grid is presented and 
discussed. 

Four speed and angle estimators are discussed and then the sensorless 
simulation results with the best estimator are presented. 

2.1. Introduction 

Asynchronous ac machines are the most widespread motors, known as being 
the workhorse in industrial drives, and large efforts are still made to improve their 
efficiency and to develop new kinds of motors for industrial appiications [1]. A good 
alternative for this kind of appiications are the surface permanent-magnet 
synchronous machines (SPMSM), which have many advantages such as high power 
density, torque to inerţia ratio and energy efficiency [2], and make them feasible 
candidates for direct drive systems. 

For a better control of synchronous machines with fast speed (torque) 
response, an encoder is necessary to be used to synchronize the rotor position with 
the stator currents. Thus, using an adequate control system, the synchronous 
motors can successfully replace the asynchronous motors and d.c. machines in 
various working conditions, maintaining in the same time the advantages presented 
above. The major encoder drawbacks are its relatively high cost and performance 
degradation due to vibration oKhumidity [3]. 
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Another alternative Is to outfit the nnachine with Hali sensors. Unfortunately, 
this method does not confer good dynamics because the Hali sensors give low 
resolution angle Information that is not sufficient for complete operation range [4]. 

The most reasonable control of this kind of motor is without encoder. The 
first importance in this case is the rotor construction. Thus, from the control 
viewpoint, at low speeds, it matters if Ld is equal to Lq or not, so the motor design is 
very important when good operation at low speeds is desired [5] and [6]. 

Generally, in sensorless control of SPMSM {Ld=Lq), position and speed 
estimators based on emf begin to act properly oniy from speed values greater than 
10% rated speed. The main drawback of these estimators is low and zero speed 
operation, where they fail since the back-emf Information is too low [7]. They need 
also very well known parameters. Fortunately, in high-speed appiications, self-
starting over light load is frequent, and low-speed operation is scarce. Finally, 
limited on-line computing cycles are available in the control of high-speed drives, so 
simplified, but reliable, position/speed estimations are required. References [8] to 
[20] present different strategies of sensorless control for PMSMs, each with its 
merits and demerits. 

2.2. Mathematical Models and Control Properties 

The understanding of the machine physics is the key requirement for any 
type of electrical machine control. Some detail can be found in [21]. 

Below are presented the surface permanent magnet synchronous machine 
equations written in the two known rotor and stator reference frames. 

2.2.1. SPMSM model in space vector form 

The SPMSM space vector model in stator reference frame is: 

ĂÎ = Ls'lî ^ ^PM, ĂPM = ĂpMe^^r, Jl = IseJ^i ^^ ^^ 
% 
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The vectors in (2.1) represent the stator values for the three stator phase 
voltages and currents a, b and c in stator reference frame: 

3 

- l 

.2;r .iTT 
J— -J — 

.2n .In (2 .3) 

and 

3 K + K^'' + ' ' 
V y (2.4) 

where the flux linkage space vector /̂ s can be obtained from the current space 
vector 7s and the permanent magnet flux vector Ăpf̂  [22]. 

2.2.2. Voltage equations in stationary stator reference frame 

The space vector approach discussed in the above section can be 
represented in a suitable reference frame. 

Fig. 2.1 Stator three phases axes (a, b, c), stator (a,y9)and rotor {d,q) reference frame. 
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Fig. 2.1 shows the axes of the reference frame for the three stator phases a, 
b, and c. In the above figure the stator reference frame(a,yff) is used. The a axis 
of this reference frame has the same direction as phase a axis. 
Taking account of the below equations: 

where 0/is the current angle with respect to a axis. For the steady state: 

(2.5) 

(2.6) 

(2.7) 

AI = Lsll ^ ĂPME^^^r 

the machine voltage equations from (2.1) can be written as: 

Taking into consideration (2.2): 

(2.9) 

de, d9er = — = (Or 
dt dt (2 .10) 

and from (2.9) and (2.10) the current derivative becomes: 

dîi • ,r 
-t-JO^rila^Jl,) (2.11) 
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The permanent magnet flux can be written as: 

ĂPM = ̂ PM (^ose^r + j^M sin0e^ = ĂpMa + j^PMp (2 .12) 

so the permanent magnet flux derivative becomes: 

^^ = (-ĂPMP + JĂpMa) = -o^r^PM Sincer + J^^r^PM cosQer = ̂  
(2.13) 

With (2.11) and (2.13) in (2.8) the voltage equations in stationary stator 
reference frame for steady state can be written in many ways, one is given below: 

^o = ^s^a - ^^r^p - sin ©gr 

= f^^p + ^^r^a + ^r^PM COŜ gr (2.14) 

2.2.3. Voltage equations in rotor reference frame 

Fig. 2.1 also shows a rotating set of d, q axes, where d axis is phase shifted 
with an angle with respect to a axis. 

Variables along a, b and c axis can be referred to the d and q-axes by the 
expression: 

/ - l V / V / 

2;r -U+/c)sin 

3 (2.15) 

(2.16) 

where, f represent any of the three phases stator variables such as voltage, current 
or flux linkage. 
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From (2.1) we may translate them into rotor reference frame: 

(2.17) 

Taking into consideration that: 

.-rr 
XseJ^er ] . ^eJSer ^ jc^'A^^er 

dt{ J cit (2.18) 

the equation (2.17) becomes: 

j-rr 
V'sej^er = R^fsa^Oer ^d^e^^er ^ jc^^^e^^er 

(2.19) 

Dividing (2.19) by e-'^r ^ results: 

.-rr 

(2.20) 

but: 

-rr 
= ^PM + ŝ̂ s = ^PM + l-sild + Jlq) 

(2.21) 

for steady state (2.20) becomes: 

Vs = R-sIs+ JOir^s (2.22) 

The equation (2.22) is equivalent to: 

K? = Rslq + (^rLsId + (^r^PM (2.23) 
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To the above presented electrical equations shouid be added the mechanical 
equation: 

(2.24) 

The simulation of the SPMSM control system implies first to develop a model 
for the simulated motor. This model infers the direct and the inverse Park 
transformations but also the mathematical motor equations (2.23) and (2.24) 
written In stationary stator coordinates. Implementing the above mentioned 
equations the simulated model of the synchronous machine is obtained (Fig. 2.2). 
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Fig. 2.2 Surface permanent magnet d - q motor model 

2.3. The control structure of the drive system 

Here the investigation of a variable-speed PMSM system in high speed 
operation is studied. A wide range of speed (2,000 - 10,000 rpm) and extremely 
low value of stator time constant pose special challenges to the associated power 
converter and control. Additionally, position sensorless control is necessary to test 
the four rotor position angle estimators. 
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2J.1. Overall simulated system description 

The entire simulated control was developed in Matlab Simulink. Fig. 2.3 
shows the overview control structure of the simulated drive system. 
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Fig. 2.3 High speed PMSM simulated system overview. 

Both speed and torque can be prescribed using a dedicated block from 
Matlab (see the left side in Fig. 2.3). The prescribed signals have step waveform. To 
avoid the oscillations the reference speed is delayed by using a PTl regulator. 

For this control strategy, the minimum stator current magnitude can be 
imposed to the machine for a required electromagnetic torque. In fact, the strategy, 
for this machine, U^Lq, supposes ld=0. 

The control block consists of a speed controller and dq current controllers 
with emf compensator. 

The speed controllers generate the torque command through the Iq current 
(see [23] to [31]). So the torque control is achieved by controlling the current in 
rotor reference frame. The rotor reference frame current commands and Iq*) are 
provided to the machine by the current controllers in order to achieve the machine 
required speed. The current controllers consist of two PI controllers as shown in Fig. 
2.5. The actual currents (/^ and Iq) in rotor reference frame, used in current control, 
couid be obtained by measuring two phase currents and then transforming them 
from stator coordinates in to rotor coordinates using the relationship: 

4 cos + cos 
In 

- ( / , + / , ) cos 0,., + 
(2 .25) 
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In 

(2.26) 

where e r̂ the electrlcal rotor position. 
The control presented in Fig. 2.5 delivers voltages in rotor reference frame. 

These voltages, which are in fact the outputs of the current controllers, are 
transformed in to stationary stator reference frame (see Fig. 2.5) using the rotor 
position as foilows: 

(2.27) 

(2.28) 

These stationary reference frame voltage commands are used to generate 
the inverter control signals (see Appendix), so these voltage commands are appiied 
to the machine phases. 

Fig. 2.4 Integrator wlth the Gutput angle between —Tt ... -h ;r 

To avoid achieving a large value, that couid saturate the digital registers, 
the rotor angle must be constrained to a value situated in the { - n .. . + ; r ) 
domain. Fig. 2.4 implements in Matlab these limitations. 
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Rg. 2.5 Simulated vector control block 

2.3.2. Coupling in rotor d, q reference frame 

The steady state voltage equations in rotor reference franne (2.23) can be written as 
foilows: 

Vd=RsId-COrLsIq 
(2.29) 

The Rs can be omitted and thus (2.29) becomes: 

Vd=-a)rLsIq =^ds_ff 
Vq = (OrLsId + O^r^RM = ^qs _ff (2.30) 

Equations (2.30) can be implemented by the block diagram shown in FIg. 
2.6. These equations (see [33]) are feedforward voltage decoupling used in vector 
control system presented in Fig. 2.5. 

BUPT



44 Chapter 2 SIMULATION OF VECTOR CONTROL 

Fig. 2.6 Block diagram feedforward voltage-decoupling implementation 

2.3.3. Decoupling in current controllers 

The currents in rotor reference frame in Fig. 2.5 become dc values in steady 
state [34] and [35]. Consequently PI controllers can be used to control these 
currents with zero steady state error, because the current error at the input of the 
controller becomes zero in steady state. 

The d, q currents cannot be controlled independently, due to cross coupling 
as shown in Fig. 2.5. In order to control / j when V̂  is changed the Id is changed as 
desired, but this causes to change also the Vq, and therefore the Iq, which is not 
desirable. This degrades the control performance of the current control. To obtain 
better performance in current control the and Iq must be controled independently. 
This can be achieved by decoupling the cross coupling in rotor d, q circuits. The 
speed (measured or estimated), measured stator currents and machine parameters 
are used in the decoupling equations. If the decoupling equations are used in the 
control, the PI controllers have to correct errors occurred in the system. 

It is important to say that the control is working satisfactorily without these 
decoupling equations proven by simulations.. In this situation the PI controllers 
shouid reconstruct the designated voltages. Of course this couid be possible oniy if 
proper controller P and I coefficients, chosen especially for this purpose, are used. 
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2J.4. Validation of the current and speed controller design 

Dynamic analyses of current regulators are presented in [36]. In order to 
validate the design of the current controller, the step response of the rotor d and q 
axes currents are measured in the drive system (see Fig. 2.7). 
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F»g. 2.7 Measured current step response for the controllers in the vector control strategy 

(a; Irj step response with Ia reference fixed at zero (a) Ia step response with IQ reference fixed 

at 2A (1) /c, current (2) Ia current 
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For these tests, the outer speed loop is disabled and the controller is 
operated oniy wit the current loop. The measured current responses at step 
prescription are shown in Fig. 2.7. In order to see the Iq step response, Iq reference 
is stepped from zero to 2 A and to 3 A with reference fixed at zero. For step 
response, the Id reference is stepped from zero to 1 A with Iq reference fixed at 2 A. 

The PI current controllers with the transfer function /Cp(l+ 1/ki) are designed 
with kp= 0.3 and /C/=1500 for both current controllers. To compensate the electrical 
time constant r = L /̂R^ = 0.5/7?s the internai constant is chosen around 
kj = l/r = 2000. These coefficients are the same as the ones used in the 
experimental setup presented in Chapter 3. 

As is can be seen from the simulations presented in Fig. 2.7, the rise time 
for the current step response is around 1 ms which is quite enough for this kind of 
motor. 

2.4. Four rotor position and speed simpiified estimators 
for vector control strategy 

Four position and speed estimators are presented. They can be used in the 
control of ac machines, in particular for SPMSM. A background theory for these 
estimators is presented in [16], [37] and [41]. 

2.4.1. Theoretical background of the speed and position estimators 

The SPMSM is generally assumed to have three balanced phases connected 
in Y or A configuration. The SPMSM model in stator coordinates is presented in 
(2.1) and (2.2). 

Since the rotor permanent magnet flux is aligned with the rotor d-axis in the 
PMSM, the permanent magnet flux induced voltage (i.e. back emf E ) always lies on 
the rotor q-axis. Therefore, in the stationary reference frame, the position of the 
back-emf vector indicates the rotor position angle Oer- This is shown in Fig. 2.8. 
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Fig. 2.8 Back - emf vector in the stationary reference frame 

If it is possible to calculate the position of the back-emf vector In stator 
stationary reference frame, then the rotor position is known. 

The back-emf vector E in (2.13) is given by: 

dt (2.31) 

where (ô  is the electrical rotor speed. 

By inserting (2.2) and (2.31) in (2.1), the machine voltage equation 
becomes: 

(2.32) 

In steady state, the current vector speed o)j 
(2.11), equation (2.32) can be written as: 

= (Ot, and therefore by using 

E = VÎ-Rslî-j(OrLslî 
(2.33) 

In the next paragraph, for simplicity, the superscript s notatlon will not be 
anymore used, so (2.32) and (2.33) will become: 
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E = Vs-RsIs-L^ dis 
dt 

E = Vs- Rsis - jOrLsIs 

(2.34) 

(2.35) 

Equations (2.1), (2.34) and (2.35) for SPMSM in stator stationary reference 
frame will be used in position and speed estimators from the next paragraph. 

The SPMSM phasor diagram is illustrated in Fig. 2.9. 

-Îmi 

N '''T.NÎ 
L j ; 

d N 
% / LĂ' «c J 

,, dO, 

Fig. 2.9 Space vector diagram of SPMSM 

The SPMSM control structure in Fig. 2.10 uses speed control with position 
encoder, and employs standard current-vector PI control algorithm (/j* = 0) with 
two voltage-decoupling loops presented in (2.30) and (2.36). 

(2.36) 
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Fig. 2.10 Block diagram of vector control scheme with encoder position sensor 

2.4.2. Rotor position and speed estimators for encoderless control 

The main feature of the proposed sensorless control techniques is that all of 
them use oniy current sensors. The Input voltages {Va, Vtj, Vc) or {V ,̂ Vp) are 
replaced by the inverter reference voltages Vb , Vc), respectively { V j , Vp). 
Without voltage sensors, some approximations can be made for the back-emf. In 
fact this means to neglect voltage harmonics, delay of time response due to power 
switches commutations and voltage drop on power switches. For SPMSMs and 
IPMSMs, using the electrical equations of the machine, the possibility of calculating 
the position of the back-emf vector in stator stationary reference frame is 
investigated below. 

Four rather sinnple rotor position estimators suitable for high-speed 
appiications are introduced. 

2.4.2.1. Permanent-magnet flux angle estimator 

The PM-flux vector angle is identical with the rotor position Or. The estimator 
based on PM-flux vector ~kpM (Fig. 2.11) consists of 3 parts (see [38] and [39]). 
The part estimates the stator flux vector J s using the voltage model in stator 
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reference frame (2.1) without using the superscript s notation with a PI loop 
compensator for dc offset compensation: 

Ăs = kVs-lsRs-Vcomp)dt, 

The part estimates Arm from (2.2): 

(2.38) 

The part gives the PM-flux module ĂpM and the rotor position by sin^^ and 
C0S61., which are directiy used in rotatlon operators. 

As the torque and flux response of the machine is faster than the speed 
response, the angle may be calculated as: 

in the situation when the flux and the torque reference do not experience 
step variations. 

The stator voltage phase, the currents and the stator resistance shouid be 
known in order to estimate the flux components from (2.37). Integration drift 
becomes an issue when using (2.37) for flux estimator and shouid be avoided using 
proper techniques [32]. The concept can be used both for SMPSMs and IPMSMs. In 
order to avoid the integrator drift during flux estimation, the estimated flux is 
corrected in the algorithm using a feedback loop as Fig. 2.11 shows. Almost the 
same concept is used in [17] for the sensorless operation of a SPMSM drive above 
zero speed. 
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kp ki 

sin(0 ) 

Fig. 2.11 Rotor position estimator based on PM-flux vector. 

The machine parameters are used in these rotor position estimation 
algorithms, and therefore, the control system is sensitive to parameters variatlons. 

2.4.2.2. Back-emf angle estimator for dynamic operaţing mode 

The back-emf vector E is phase shifted with exactiy K/2 from the d axis 
(2.31) 

The back-emf vector E is calculated from (2.35). It is valid for transients 
and has the components: 

Eo=Va-RsIa-LsdIo/dt 
Ep=Vp-RsIp-LsdIp/dt (2.40) 

Fig. 2.12 Rotor position and speed estimator based on 

back-emf in dynamic operating mode 
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To reduce noise in current derivatives dis/dt, a filter-based derivative 
estimator (Fig. 2.13) is used [11]. 

Overall, this scheme has shown good accuracy over the whole speed range 
and also during the start-up procedure. 

dl 

O 
dt 

X / isf 
' / 

— ^ 

Fig. 2.13 Derivative estimator based on filter technique. 

2.4.2.3. Back-emf angle estimator in steady-state operating mode 

The estimator-version in Fig. 2.14 is closed to the one in Fig. 2.12, but the 
computation of E i s in steady-state (2 .33) : 

Ep^Vp-RsIp-LsCDrla- (2 .41) 

A phase-locked loop (PLL) state-estimator extracts the rotor position and 
speed from E vector. Other PLL is presented in [40]. 
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Fig. 2.14 Rotor position and speed estimator based on 

back-emf in steady-state operating mode. 

The PLL error £ is calculated as a difference described by the below 
equation: 

E = -E^cosăr -Epsine^ 
(2.42) 

The error £ is used to extract the rotor speed and position using a phase-
locked loop (PLL) technique (Fig. 2.14). The output of the PI compensator gives the 
estimated rotor speed â)̂  and after the integration, the estimated rotor position 
is obtained: 

(Or = Kp pi_i_ + E + O) j.) Or = (î)rdt 
(2.43) 

The optimal parameters of the PI compensator were chosen making a 
compromise between the speed of the PLL, especially during transients, and the 
level of oscillations in the speed estimation, especially at low speeds. 

The best parameters seem to be: Kp pu. = 3, and K j pu = 7000. 
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2.4.2.4. Voltage-based angle estimator 

This type of estimator uses the voltage vector represented in two references: 

stator and rotor reference frames (see Fig. 2.9) . Thus, in each moment, if both {Va, 

V )̂ and {Vd, Vg) computed voltages at the previousiy sampling period are known, 

the voltage angles with respect to the axis a, respectively, axis d can be estimated 

as: 

ci a r p r 

V sin/9 q a r p r (2 .44) 

(2 .45) 

Computing the difference between the two angles in (2 .45) , the rotor 

position can be estimated. The implementation of this estimator is shown in Fig. 

2.15. 

The implementation of the position and speed estimator can be also made in 

the way presented in [7] and [8] . It is shown (see Fig. 2.10) that the output of the 

current regulator has unexpectediy bad resuits. Even more, the drawback of 

this method is that it employs, together with vector control or another control 

method, the transformation a/î dq that requires rotor position Or- Note that for 

the estimators presented above, the estimators 1 to 3 do not use rotation operators, 

while the estimator 4 uses them. 

Fig. 2.15 Voltage angle calculation with respect to a and d axes. 
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None of the presented estimators can detect the iniţial rotor position, and 
therefore, the starting performance can degrade uniess another technique is used to 
detect the iniţial rotor position. 

2.4.3. Rotor speed estimator for encoderless control 

The rotor speed cjr can be estimated from the rotor position Or. AII estimators 
previousiy presented estimate rather well the rotor position. The estimators 2 and 3 
contain the speed estimation, which can be used efficiently in control. For the 
estimators 1 or 4 which give rotor position estimation, a phase-locked loop (PLL) 
speed estimator was introduced as in Fig. 2.16. 

O-

— (Or 

A 

e. 
5111(9:) 

cos(9:)|-n 

-s- sin(e.) 

cosO) 

Fig. 2.16 Speed estimator based on rotor position given by the estimators 1 or 4. 

The gains kp and kj couid be computed, for example, using the pole 
placement method. Thus, if the system poles are Pi and P2 then: 

(2.46) 

This method is an analytical one, but a trial and error method can also be 
appiied [10] with good results, even if the system is very complex and computation 
delays shouid be taken into account. 
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2.4.4. Simulations results of angie and speed estimators 

For a good image over the estimators work a very relevant test has been 
performed: 100% step rated-load perturbation torque at 10,000 rpm foilowed by 
unioad and speed reversal from -10,000 rpnn to +10,000 rpm, without load. 

For the first test, the reference and the actual speeds are presented in Fig. 
2.17. 
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Fig. 2.17 (1) Reference (red line) and (2 ) machine speed (blue line) unioading start-up 

at 10.000 rpm foilowed by 100 % loading at 0.5 s, unioading at 0.8 s, 

reverse speed from 10.000 rpm to -10.000 rpm at 1 s 
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Fig. 2.18 Speed estimation versus encoder errors for estimators: 

l(a), 2(b), 3(c), 4(d) for ±10 krpm, no load. 
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Fig. 2.19 Actual current during tests presented in Fig. 2.17 

Fig. 2.18 illustrates the speed error [%] of all the four estimators in 
comparison with the speed feedback computed fronn encoder. Notable errors for 
estimator 1 and small errors for estimators 2 and 3 are visible at very low speed. 
The worst case is for the estimator 4. 

Fig. 2.19 shows the actual current for the speed reversal in Fig. 2.20. As it 
can be seen the currents do not exceed the maximum possible current value. 

12 - 125 

Tune [s] 

Fig. 2.20 Position estimation (blue thin line) versus encoder (black thick line) 

1(8), 2(b), 3(c), 4(d), dunng tests presented in Fig. 2.17 
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Fig. 2.21 Electric angle error between encoder and estimator: 

l(a), 2(b), 3(c), 4(d), during tests presented in Fig. 2.17 

The rotor position response of all estimators, in speed reversal during 
transient interval [1.1-1.4] s, is shown in Fig. 2.20. As can be seen, all estimators 
follow very closely the actual encoder position. Nevertheless, the absolute error 
couid not be observed here, except for around zero speed and at start-up. 

Fig. 2.22 Zoom of electric angle error between encoder and estimators: 

l(a), 2(b), 3(c), 4j(d), during loading test presented in Fig. 2.17 
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Fig. 2.23 Zoom of electric angle error between encoder and estinnators: 

l(a), 2(b), 3(c), 4(d), during unioading test presented in Fig. 2.17 
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Fig. 2.24 Zoom of electric angle error between encoder and estimators: 

l(a), 2(b), 3(c), 4(d), during speed reversal test presented in Fig. 2.17 
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For more clarity the position errors for all four position estimators are given 
separately in Fig. 2.21, Fig. 2.22, FIg. 2.23 and FIg. 2.24, during loading, unioading 
and no load speed reversal ± 10,000 rpm tests. All estimator errors are within 1 
electrical radian. Oniy estimator 2 shows a zero average (steady state) error, 
though osclllatory (Fig. 2.24 (b)). Small differences can be seen during loading and 
unioading tests. During unioading tests the estimator 4 has the worst behavior, 
having the largest dynamic errors, especially during speed reversal. 

All estimators operate with acceptable parameter values and have small 
errors. For high-speed encoderless system, a rotor position estimator with small 
oscillations shouid be used in implementation. In encoderless systems, the duration 
of position angle computation is decisive. If the estimated angle has large 
oscillations comparatively with the encoder angle, then the system will not operate 
properly. This is visible at high-speed motors, where the position angle estimator 
shouid be very fast and without large oscillations. In this case, the estimators 2 and 
3 shouid be selected. 

2.5. Sensorless PMSM vector control simulation 

In order to eliminate the rotor position sensor in the rotor permanent 
magnet vector controlled drive system, a rotor position and velocity estimation 
technique is studied (see [11] to [14]). OnIy motor phase currents are measured 
and this information is used in the estimators. 

In the above sections four position estimations were presented. Any of them 
can drive the PMSM system. For the sensorless control system, the back-emf angle 
estimator for dynamic operating mode was chosen. 

In Fig. 2.3 the encoder device is replaced with an angle and velocity 
estimator. Fig. 2.25 presents the entire sensorless control used to drive the system. 
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Fig. 2.25 High speed PMSM simulated sensorless system overview. 

FIg. 2.26 presents the implementation of the speed and angle estimator from 
Fig. 2.12. 
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Fig. 2.26 Speed and velocity estinnator 
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2.6. Sensorless performance of the complete drive 

system 

For simulations a constant d.c. link voltage was assumed. Initially, the actual 
rotor position of the nnachine was used in the controller. So in Fig. 2.27 the drive 
system using an encoder is presented. Some startup details are provided in [15]. 
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Fig. 2.27 No-load start-up at -10,000 rpm, foilowed by loading at 0.8 s, unioading again 

at 1.2 s, reverse speed from -10,000 rpm to 10,000 rpm at 1.4 s 

1) designated speed; 2) filtered designated speed; 3) encoder speed 

Fig. 2.27 presents the way the motor reacts when the vector control is used 
with the information provided by an encoder. As we said before, the vector control 
couid be considered a reference control, due to the good results obtained in the case 
of its appiicatlon. The above figure illustrates how the motor speed foilows the 
reference speed. The motor dynamics is an excellent one and is the maximum 
dynamics that this motor couId give. The acceleration time is less than 0.1 s, the 
speed reversal is less than 0.2 s and the loading and the unioading tests produce a 
very small error and for a very short period of time in the speed waveform. 

The performance of the drive under sensorless control is given in Fig. 2.28. 
AH the next figures (Fig. 2.29 to Fig. 2.33.) present the results obtained under 
sensorless control. 
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In the sensorless control, when the speed crosses the zero point during 
speed reversal from -10,000 rpnn to 10,000 rpm some problems occur; meaning by 
this, there are osclllations in the speed waveform, as it can be seen in Fig. 2.28. 
These oscillations are derived from sgn{a)^) in the mathematical expression of the 
PLL in Fig. 2.14 and Fig. 2.12, which interferes with the estimator. Thus, it is 
possible that the rotor speed sign to be changed and the estimator do not take it 
into consideration. 
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Fig. 2.28 No-load start-up at -10,000 rpm, foilowed by loading at 0.8 s, unioading again 

at 1.2 s, reverse speed from -10,000 rpm to 10,000 rpm at 1.4 s 

1) designated speed; 2) filtered designated speed; 3) encoder speed under sensorless control 

For the sensorless control system it is well known the fact that during speed 
reversal some problems occur. These are also due to the very small mechanical time 
constant (see Chapter 7). 
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Fig. 2.29 Three phase stator currents in sensorless control in Fig. 2.28. 
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Fig. 2.30 Stator currents in rotor reference frame. 

Id current (1) and Ig current (2). 

Fig. 2.29 and Fig. 2.30 illustrate the currents waveforms during tests 
presented in Fig. 2.28. As it can be seen in the former one, the currents are not 
larger than the admitted ones. In the second figure, the current value is 
maintained to zero during the entire simulation time. Even more, the oscillations are 
almost invisible. 

Fig. 2.31 illustrates the torque waveform developed by the machine (1). 
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Fig. 2.31 Load torque Te (2) and electromagnetic torque 7,(2) 

in sensorless control in Fig. 2.28. 
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Fig. 2.32 Voltage vector in rotor reference frame Va (1) and 1^,(2); 

The voltage waveforms in stator reference frame are presented in Fig. 2.32. 
Fig. 2.33 illustrates the actual (provided by the encoder) and the estimated 

rotor position angle. Oniy at startup a snnall difference between the two waveforms 
(actual and estimated) can be observed. 
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Fig. 2.33 Zoom of encoder (1) and estimated (2) angle 

2.7. Conclusion 

A high speed SPMSM was driven with and without encoder. 
In the case of encoderless control system, it is clear that the obtained 

dynamic is the best which can be for this system, taking into account the small 
electrical time constant of the motor. 

To see which estimator fits better with the motor in the same operating 
conditions, four rotor position and speed estimators for surface mounted 
synchronous permanent magnet motors (SPMSMs) were tested. AII of them operate 
for acceptable parameter values and have small errors. For high-speed encoderless 
system, a rotor position estimator with small oscillations shouid be implemented. In 
encoderless systems, the duration of position angle computation, is decisive. If the 
estimated angle has large oscillations comparatively with the encoder angle, then 
the system will not operate properly. This is visibly at high-speed motors, where the 
angle estimator shouid be very fast and without large oscillations. 

AII rotor position and speed estimators have problems at low and especially 
zero speed. So, in sensorless control, an addition starting control strategy is 
required. 

In the next step the rotor speed sensor and position sensor was eliminated. 
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Simulations confirm that the proposed method gives a good tracking 
performance for different speeds with and without load. 

The presented results demonstrate a good behavior of the simulated 
sensorless control system. 

Now, looking at the above presented simulation results, one can expect that 
the control system will have at least the same good behavior during the practicai 
implementation (with and without encoder). 
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Chapter 3 
Vector control - motion sensorless control 
experimental results 

Abstract 

Cost and reliabillty reasons lead to motion sensorless control of high speed 
PMSM drives. This chapter presents a novei emf based observer for rotor position 
and speed estimation that provides very fast starting from pre-produced zero iniţial 
position (less than 100 milliseconds from zero to 10 krpm in a 750 W surface PMSM) 
with very good dynamic response to large step torque perturbations. 
Implementations and test results fully validate the proposed control solution. 

3.1. Introduction 

In the recent years, the demand for high-speed permanent magnet 
synchronous motors (PMSM) has increased due to the advanced technology and 
reduced cost, replacing the induction machines. To this category also belong the 
surface permanent-magnet synchronous machines (SPMSM) that have many 
advantages such as high power density, torque to inerţia ratio and energy 
efficiency. They are cost effective and simpler to manufacture than embedded 
magnet based machines [1]. 

In ultra-high-speed appiications, PMSMs offer the advantage of high 
efficiency compared to other types of motors since there are no excitation power 
loss in the rotor, and low eddy current loss in the stator and rotor [2]. 

These motors can be controlled with an encoder mounted on their shaft. But 
for high-speed PMSM drive, the speed sensor is costly and easy to be damaged, and 
it is difficult to build. The most reasonable control of this kind of motors is without 
encoder (sensorless control) [3], [4]. In this case, of prime importance is the way 
how the rotor is built. Thus, from the control point of view, at low speeds, it matters 
if Ld is equal to Lq or not, so the motor design is very important when good 
operation at low speeds is desired. 
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For sensorless control of PMSM drives, a starting voltage sequence in rotor 
coordinates [5], V/f and I-f control with one stabilizing loop has been proposed [6], 
[7]. More strategies of scalar control were investigated in [8]. Four simplified 
position and speed estimators, good for sensorless vector control at high speed, 
were successfully tested in [11]. 

This chapter presents the principles, the implennentation and the test results 
up to 10,000 rpm of a 6 slot /4 pole SPMSM nnotion sensorless drive with current 
vector control, Including a start-up strategy, rotor position and speed estimator, 
without dc or ac voltages feedback. Inverter noniinearities are connpensated for safe 
and fast response (100 ms from zero to 10,000 rpm) repetitive starting. 

3.2. Equations used in estimator design 

According to voltage equations in space vector form presented in Chapter 2 
and ignoring the s superscript notation, the space-phasor SPMSM model in stator 
coordinates can be described as: 

,3 .1 ) 

Ăs = Lsls + ^PM 

Apm = ApMe^^^' 2) 

where l/s , ŝ ^^^ are the stator voltage, current and flux vectors, respectively, 
ĂPM is the PM-flux vector, Rs, Ls are the stator resistance and inductance, is 
the electrical rotor position, and 6, is the stator current vector angle. 

The back-emf vector E is given [12] by: 

dt (3.3) 

where oĵ  is the electrical rotor speed. 
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The SPMSM phasor diagram is illustrated in Fig. 3.1. 

0). 

\G, 

N 
I. 1 

d ^ dB. 
"dT 

Fig. 3.1 Space vector diagram of SPMSM 

By inserting (3.2) in (3.1) and using (3.3), the back-emf vector E is 
obtained: 

E = Vs-RsIs-L dis 

dt (3.4) 

The rotor position and speed estimator is based on (3.4). 

3.3. Motion Sensorless Control System 

The SPMSM sensorless control structure (Fig. 3.2) uses speed control 
without position encoder and without dc link voltage sensor, and employs standard 
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current-vector control algorithm (7 '̂ = 0) with feedforward voltage-decoupling 
according with (3.5). 

Vq ff =Ls(OrId+0)r^PM 
(3.5) 

The current vector control consists in feedback loop {Vd ft ^aft) with 
feedforward correction {V^jr, The control system without feedforward 
correction is also feasible, but in this case the PI controllers have to be operated 
faster to compensate the feedforward (3.5) by the integral component [10]. 

sec(r) 

kp ki ^ 

SPMSM 

oniy for I 
comparison | ^̂^ Spccd and angic | 

calculator 

Fig. 3.2 Block diagram of sensorless vector control scheme. 

Fig. 3.2 has a drawback at start-up. For the reason that the speed estimator 
has a large overshoot, which is transmitted also in the voltage reference by 
feedforward correction (3.5) , the start-up operation couid fail. Even more, the 
voltage provided by the feedback loop has to compensate errors introduced by (3.5) 
and thus a very fast controller has to be implemented. If you do not have a lot of 
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confidence in the speed estimator, then it is better not to introduce the feedforward 
correction (3.5) during start-up. 

The maximum values for V j and provided by the control do not exceed 
20 V (see the experimental results), values attained relatively easy, and quickly, by 
the PI controllers outputs. 

The gains of PI current and speed controllers (3.6) for the investigated 
prototype are given in TABLE 3.1 in Appendix. 

A/ = /Cp(l + /c//s )Ax ^^^^ 

The gains are a littie changed from those in [11], in which they were tested 
having an encoder mounted on the shaft of the rotor. 

The estimator coefficients were improved by a trial and error method, but 
first of all they were chosen using the Ziegler Nichols method [41] taking into 
account the given values of the machine parameters {Rs, Ls and J) in Chapter 6. 

3.4. Back-EMF Angle Estimator for Dynamic Operating 
Mode 

Due to the fact that the machine operates at relatively high speeds 
(experiments are done at 10,000 rpm) with high dynamics (acceleration to 10,000 
rpm in 100 ms), it is necessary to use a fast estimator with very low errors. An 
estimator for sensorless control synchronous machine based on electromotive force 
is presented in [42], [43]. 

A phase-locked loop (PLL) state-estimator (Fig. 3.3) extracts the rotor 
position and speed estimations from E vector according to equations (3.3) and 
(3.4) (see (3.13)). This estimator is the same as the one presented in Fig. 2.13, but 
written in another form. The estimator receives the measured stator currents (7 ,̂ 
Ib), the reference voltages in stator coordinates {V^ ,\/p) and the reference speed 
(OfpŢi, and generates at the output both the rotor position and rotor speed cô  
estimations. No voltage sensors are used. 

E is delayed with tt /2 degrees with respect to the permanent magnet flux 
vector JpM (see Fig. 3.1), so: 
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E = E'e 

Multiplying (3.7) with 
-ne^^jtn) 

(3.7) 

(3.8) 

The value of LB^ is important for any PLL In (3.8) the imaginary part is 
decisive. So the left part of the above equation becomes: 

= -Ep cos - E„ sin er a er 

(3.9) 

Thus, the right part of the equation (3.8) turns into: 

= £.sin(A0r) (3.10) 

For small angle values sin(A0r) = AÔ  , so (3.10) becomes: 

= Im[£.sin(A0r)] = E-t^Br (3.11) 

From (3.8) , (3.9) and (3.11) outcomes: 

E.A0r = -Ep cosder - E^ sin^r (3.12) 
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Taking into account that E^ = E cosOQ^ , Eq — E • and E - o j f A p j ^ ^ 

results: 

(3.13) 

The Vdc voltage is known oniy with approximation. It is provided by the four 
batteries connected in series and it can vary from 47 V to 51 V. However, in these 
conditions the system operates correctly. The encoder in Fig. 3.2 is used onIy for 
making comparisons with the test results. 

Rotor position & 

Speed Estimator 

^hinv. 

dt 

rE 

(O, 

w l m x l — • 
A0, 

kp ki (0̂  

sgn(â),)| ^ e 

Fig. 3.3 Rotor position and speed estimator based on 

back-emf in dynamic operating mode. 

For the sensorless start-up, it is crucial to know the right iniţial rotor 
position, which has to be introduced in the PLL integrator. This is done 
experimentally using a stator voltage sequence to align the rotor to a known 
position before start-up. 
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The hardest experimental test was the sensorless speed reversal. To 
accomplish such an operation, accurate speed estimation is required, whose aim is 
to change the PLL reaction sign (see sgn(6j;^) in Fig. 3.3. Otherwise, if the moment 
of time when the speed crosses zero is not exactiy known, will be wrongly 
estimated and the system will have high chances to cease working. 

To reduce noise in current derivative dls/dt, a filter-based derivative 
estimator is used [40], as shown in the upper-right corner in Fig. 3.3. 

3.5. Start-Up Strategy 

When fast start-up without encoder or Hali sensors is desired, the iniţial 
rotor position has to be well known, otherwise the angle from the Park 
transformation is wrongly introduced and the system may not start (see [13], [14], 
[15] and [16]). 

In the last decade, several solutions have been proposed to estimate the 
PMSM iniţial rotor position. Two basic methods are puise signal injection, and 
sinusoidal carrier signal injection ([17] to [31]). The puise signal injection methods 
are often based on estimating the minimum inductance location using a calculated 
value obtained during some form of iterative square wave voltage injection to 
arbitrary axes. Such methods can be appiied to both surface (although it is a 
difficult task) and interior PMSMs, 

Magnetic axis without polarity was estimated via a method named ''INFORM" 

(Indirect Flux detection by On-line Reactance Measurement) and the polarity was 

detected by finding minimum inductance on the estimated magnetic axis [30]. In 

these methods, iniţial position estimation accuracy can be affected by additional 

spaţial harmonics such as saturation of the stator teeth. 

Another starting method is to appiy, from the beginning of the start-up, a 
suppiementary strategy of control (I-f or V/f control). 

The method appiied here is to align the rotor to a known direction, and thus 
the known iniţial rotor position is now introduced in the estimator. Usually, high-
speed drives allow a littie movement for such maneuver. 

A drawback of these methods is that there is no warranty that the rotor will 
not move in wrong direction with a small angle before starting. Another drawback is 
that the system becomes more complex, and thus there are two control systems 
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working sequentially: one for robust start-up, and another for obtaining good speed 
and torque dynamics. The advantage is that this way a good starting is obtained. 

Due to the fact that the motor has a very small electrical time constant 
{Ls/Rs = 0.5 ms), the control is sensitive to any voltage variation. Thus, even if a 
zero stator vector voltage V^ =0 '\s appiied and the inverter is turned on, important 
oscillations of the rotor position can be detected by the position sensor (see Fig. 
3.4). 

In the case of i/̂  = O, by using space vector modulation (SVM), half of the 
sampling period the up-transistors are in conducting operation mode, while in the 
other half, the down-transistors are in conducting operation mode. 

o 

Fig. 3.4 Current and speed rippies when V^ = O \s appiied to inverter 
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Fig. 3.5 Three steps start-up strategy 

The oscillations from Fig. 3.4 are generated by using an inverter which have the 
rated current ten times larger than the motor rated current, combined with an 
inadequate chosen dead-time. Even if oscillations are present at V* = 0 , the start-
up is perfornned in three steps as in Fig. 3.5: 

i. the voltage vector l7i(l ,0,0) is appiied, which aligns the rotor in a known 
position BQ^ = O 

ii. the inverter is turned off for a small interval of time; 

iii. the machine sensorless starts-up from known position. 

The second step is necessary to guarantee the start-up from zero for all 
variables in the estimator. 

In the start-up strategy the voltage drops on the semiconductor devices (6 
transistors and 6 diodes) have been taken into consideration [32] to [36] to 
compensate inverter noniinearity. These voltage drops depend not oniy on the 
stator current value, but on the sector in which is in that instant of time. 

^th=^thsec{is) 

sec(is) = sgn(/a) + a• sgn(/^) + a^ • sgnO^) 

(3.14) 

(3.15) 

where a = , and the value of v̂ f/, = 0.5 ... 1 V . 
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As it is shown in Fig. 3.6, if this compensation Is not introduced, the real 
* 

stator voltage vector \/s appiled to the motor is quite different from l/̂  . This fact 
is very important during start-up and low speeds. 

Fig. 3.6 Effect of inverter nonlinearity [33] 

Even more, in the case of large current and small voltage motor, the 
problem discussed above is ver/ important. 

The speed reference for the speed controller and for the estimator differs a 
little. A first order lag PTl (9) is used to filter the speed reference np j i for the 
speed controller, faster than nfpj i appiied to estimator, as in Fig. 3.7 for step 
speed reference n*. 

(3.16) 

where k p j i = 1 and Tpj^ = 0.018 for np-j-̂ , and k fp j i = 1 and Tfpj^ = 0.02 
for riţpj^ . 
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The estimator works with electrical rotor speedo)^, and thus the relation with 
the mechanical speed n [rpm] is given by: 

where Pi is the number of pole pair. 

(3.17) 
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Rg. 3.7 Reference speed prescriptions 

3.6. Particularity of the Control System 

The control systenn is rather a standard current vector control presented in 
Fig. 3.2. It consists of two fast current loops on the d and q sxes, and a not so fast 
speed loop. The Park operators [37], [38] are used to change 0(3 stator reference 
frame to dq rotor reference frame. 
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Fig. 3.8 PI controller with anti-windup 

Foilowing ideas are added to standard control system: 

a) taking into account the average voltage drop on the semiconductor 
switching devices (3.14); 

b) using the estimator presented in Fig. 3.3; 

c) using the anti-windup protection for PI controllers [39] (see Fig. 3.8). 

The anti-windup strategy uses the saturation block to limit the PI output and to 
avoid the integrator saturation (Fig. 3.8). The gain kg^ = 1...10 decides the system 
rapidity to overcome the saturation. The controllers gains used in experiments are 
given in TABLE 3.1 in Appendix. 

3.7. Experimental Results 

The SPMSM drive system for the laborator/ prototype tests consists of two 
identical 0.8 kW, 20,000 rpm, 4 pole SPMSMs with sinusoidal back-emf echanically 
coupled. The data for these motors are presented Chapter 6. 

AII experimental tests use sensorless control system, thus neither encoder, 
nor Hali sensors and voltage sensors are used in the control system. 

For a good image of how the sensorless control work, three tests considered 
relevant have been performed, presented in Fig. 3.9, Fig. 3.11 and Fig. 3.16. AII the 
experiments have at least three operating modes, which are representative for high-
speed machine with very low electrical time-constant and inerţia, in a speed range 
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from +20,000 rpm to 2,000 rpm (10% from the maximum speed tested) in both 
positive and negative direction. 

3.7.1. No Load Start-Up at 10,000 rpm 

This experiment consists in a fast acceleration at 10,000 rpm in a very short 
interval of time (100 ms). During this process the motor is not loaded. The Iq is soft 
limited to protect the motor, which develops maximum torque in this operation 
mode. 

In steady-state operating mode the motor is instantly loaded at 80% rated 
torque, which represents the maximum value for the load, due to the fact that there 
is not enough dc voltage in inverter. To operate at maximum torque, the inverter 
has to be suppiied by a voltage given by the value estimated in (3.18): 

l 3 . 3 3 . e O V 
V2 (3.18) 

Because it is not enough dc voltage in inverter, the motor couid be loaded 

oniy in the ratio ^dc/^dc " ^̂ ^ 

During experiments, the voltages V̂  and l/g are not going into limitation, fact 
that denotes a good dynamic response for flux and torque. The error between the 
actual angle and the estimated one, does not exceed 0.5 rad during fast transients. 
It is important to observe that the frequency of error oscillations is accordingly with 
Fig. 3.4. 

It is possible that the machine, which is a synchronous permanent magnet 
motor with very small inductances and inerţia, to be desynchronized if the angle 
estimator is not good enough. Thus, it is not so important that the estimated angle 
differs with few percents from the actual one, but is paramount to avoid the failure 
of the start-up. Due to this fact, it is necessary that the angle error does not exceed 
0.5 rad, and for the rest of speed range to be reasonable and relatively constant. 
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Fig. 3.9 No load start-up at 10,000 rpm foilowed by 

loading at 80% of nominal torque at 0.8 s and unioading at 1.6 s: 

a) Encoder speed; b) Three phase currents; c) Speed error between encoder & estimated 

speed; d) Angle error between encoder & estimated rotor angle; 

e) Voltage vector in rotor reference frame (thick line) and 

f) Current vector In rotor reference frame 7d (thick line) and Iq 
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3.7.2. Load Start-Up at -10,000 rpm and Reversal at +10,000 rpm 

The system starts up with load proporţional to speed from O to -10,000 rpm 
(Fig. 3.11). The Iq is soft limited to protect the motor. This limitation produces a 
slower acceleration than before (acceleration process is longer: 0.15 s), but stil! 
good. During steady-state at 10,000 rpm, the load is instantly removed at 0.6 s, as 
it is shown in Fig. 3.11b and thus, slight oscillations in the current waveforms occur 
in the whole speed-range for both positive and negative directions of motion. This is 
due to the problems described before in Fig. 3.4 and thus, the spikes occurring in 
current waveforms, due to transistor commutations, become comparable with the 
required current value by the control. 

jv 

-2 

-4 

0.04 0.06 0.08 

Time [s] 

Fig. 3.10 Zoom of encoder and estimated (thin line) angle 

The step torque load at 1 s is foilowed by a speed reversal from -10,000 
rpm to +10,000 rpm at 1.4 s. The speed reversal is operated under full load and is 
achieved in a very short interval of time (smaller than 0.2 s). Fig. 3.10 presents a 
zoom of the two rotor angles (the actual and the estimated one) during the most 
criticai instants of time: the start-up from O to -10,000 rpm and the speed reversal 
from -10,000 rpm to +10,000 rpm as it is shown In Fig. 3.11. It can be observed 
how well the estimated rotor angle (thin line) foilows the actual one (thick line). 
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Fig. 3.11c illustrates a large transient speed error (2,500 rpm) at 1.4 s when 
the speed reversal occurs, and when the signd;^ changes in the speed estinnator 
(see Fig. 3.3). 
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Fig. 3.11 80% loading start-up at -10,000 rpm foilowed by unioading at 0.6 s, reloading at 80 

% of nominal torque at 0.8 s, reverse speed from -10,000 rpm to 10,000 rpm at 1.4 s: a) 

Encoder speed; b) Three phase currents; c) Speed error between encoder & estimated speed; 

d) Angle error between encoder & estimated rotor angle; e) Voltage-vector in rotor reference 

frame Va (thick line) and 1/̂ ; f) Current vector in rotor reference frame /j (thick line) and Iq 
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If the motor speed is positive and the sign o)̂  is not already changed in the 
estimator, then the control is not correct anynnore and the protections are turn on 
(usually the over current protection). To avoid this, a good reference speed cojpj.̂  
(3.16) has to be prescribed to estimator. 

3.7.3. No Load Start-Up at 15,000 rpm Foilowed by a Step Torque 
Load 

The motor was designed for speeds higher than the speed of 10,000 rpm. 
However, experimental tests at speeds close to its nominal speed are considered 
sufficient. Firstly, an experimental test at 15,000 rpm is performed. At this speed 
the motor is loaded at approximately 80% of nominal torque. For loads higher than 
80% of nominal torque the available batteries voltage is insufficiently. Thus, after 
acceleration up to 15,000 rpm, at 0.8 s the motor is loaded at the torque value 
mentioned above. The acceleration was performed as it was expected under 0.2 s. 

Fig. 3.12a illustrates the encoder speed. As it can be seen the encoder 
speed closely foilows the reference speed. The speed error is presented in Fig. 
3.12c. One can obsen/e that this speed error is large oniy during startup than it is 
between normal values taking into account the motor dynamics. 

The three stator currents of the motor are shown in Fig. 3.12a. These 
currents do not exceed the acceptable values due to the protections provided by the 
implemented software. 

In conclusion, the behavior of the control system is very good, having 
excellent speed and torque dynamics. 
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Fig. 3.12 No load start-up at 15,000 rpm foilowed by a step torque load: 

a) Encoder speed; b) Three phase currents; c) Speed error between encoder & required speed; 
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Fig. 3.13 Experiments results during dynamic tests in Fig. 3.12 

a) Voltage vector in rotor reference frame \/(i (thick line) and l/̂ ,; b) Current vector in rotor 

reference frame Id (thick line) and Iq 

Fig. 3.13 illustrates the currents and voltages in rotor reference frame. The 
same oscillations as in the currents waveforms in Fig. 3.12b can be also seen in Fig. 
3.13. The Id current is maintained zero. 

3.7.4. No Load Start-Up at 20,000 rpm 

As it can be seen from the motor data in Chapter 6 the nominal speed is 
20,000 rpm. An experimental test at this speed is considered necessary to be 
performed. Thus, Fig. 3.14 illustrates a no load startup up to nominal speed. The 
startup is performed in 0.2 s. 
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Fig. 3.14 No Load Start-Up at 20,000 rpm: 

a) Encoder speed; b) Three phase currents; 

c) Speed error between encoder & required speed; 
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Fig. 3.15 Experiments results during dynamic tests in Fig. 3.14 

a) Voltage vector In rotor reference frame Va (thick line) and 

b) Current vector in rotor reference frame Id (thick line) and Iq 

As It can be observed, even up to 20,000 rpm, the Id current Is maintained 
zero. 

The occurred oscillations are repetitive and characterlstic to the Inverter 
used by this control. Thus, these oscillations wlll be present also within the next 
presented control using the same inverter. Probably an increased frequency of the 
MOSFET device represents a solution to improve the control and to have no 
oscillations. 

Here again, we mention that the used setup consists of oniy four batteries 
and an oversized inverter. Thus, the test results are the best results which can be 
obtained implementing the control on this setup and using the considered motor. 
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3.7.5. No Load Start-Up at 2,000 rpm and Speed Reversal, Foilowed 
by a Step Torque Load 

Even if the motor is designed for high speeds, some appiications require for 
It to operate also at low speeds (although for short time). The operation at low 
speeds involves small currents. When the currents are small (due to the explanation 
given before in Fig. 3.4), the control of the sensorless system becomes difficult. 
Note that it is better to start-up with the motor loaded than unioaded. 

For the motor operating mode, a speed range between 20% and 100% rated 
speed is acceptable and desired for many high-speed appiications. In this context, 
some experimental tests have been done. 

The first event in Fig. 3.16 is acceleration up to 2,000 rpm. Here, it can be 
observed that the current oscillations are large and this instability is propagated in 
the whole system. Even if there are large oscillations, the currents are not limited 
because there is enough reserve in flux and torque. The induced emf is much 
smaller than that of the rated speed. 

At 0.6 s the motor is instantly loaded at 25% rated torque. The reduction in 
speed to 2,000 rpm implies a reduction in voltage (Fig. 3.16e) and also in power. 

At 1.2 s a speed reversal occurs. The speed error during speed transients is 
pretty large in Fig. 3.16c. The oscillations in the currents and speed waveforms are 
present also during negative direction of motion. 

The final test consists in removing the load at 1.8 s. 
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FIg. 3.16 No load start-up at 2,000 rpm, loading at 80% of nominal torque at 0.6 s, 

reverse speed from 2,000 rpm to -2,000 rpm at 1.2 s: 

a) Encoder speed; b) Three phase currents; c) Speed error between encoder & estlmated 

speed; d) Angle error between encoder 8t estimated rotor angle; 

e) Voltage vector in rotor reference frame (thick line) and Vq\ 

f) Current vector in rotor reference frame (thick line) and Iq 
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AII these tests demonstrate that the operation in one direction of motion 
does not differ from the one in the reverse direction. So the control and the 
estimator are performing well for 5:1 speed range and heavy speed and torque 
transients. 

3.8. Conclusion 

In the experimental tests, the high-speed, low-voltage SPMSM drive, with 
very low electrical time-constant and inerţia, has operated sensorless through 
current vector control. 

Due to high-speed and small machine inductance and inerţia, a fast model-
based rotor position and speed estimator was employed. 

Using this estimator the results were satisfactory in a relatively large speed 
range, from 2,000 rpm to 20,000 rpm, in both directions of motion. 

The importance of voltage drop compensation of the inverter semiconductor 
devices was demonstrated, especially at start-up and low speeds. 

PI speed and current controllers with anti-windup to avoid control saturation 
were used. 

Appendix 

T A B L E 3 . 1 . 

GAINS USED IN REAL CONTROL 

PI speed control Fig. 3.2 
ko 0.05 

PI speed control Fig. 3.2 ki 40 PI speed control Fig. 3.2 

^iw 5 

PI current controllers Fig. 3.2 
kp dq 0.3 

PI current controllers Fig. 3.2 kj dq 1500 PI current controllers Fig. 3.2 

kjw dq 5 

PLL Fig. 3.3 ko 1 
PLL Fig. 3.3 

ki 100 
Derivative estimator Fig. 3.3 0)0 3500 
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Chapter 4 
Sensorless V/f Control of Surface PMSM 
with stabilizing loops - basics and 
simulation results 

Abstract 

This chapter Introduces a novei set of two stabilizing loops to correct the 
voltage amplitude and phase in V/f control of SPMSM. The proposed method is used 
to improve standard V/f control and is believed to be from the point of view of 
oniine computation, notably less time as compared to vector control as 
demonstrated by rather extensive comparisons of digital simulations for three 
alternative existing methods. 

4.1. Introduction 

Super high speed (above 30,000 rpm) drives control is hampered by the 
shortness of the oniine computation cycle and by the limited switching frequency in 
IGBT power converters. This is why, besides motion sensorless vector control -
which anyway implies a starting sequence in rotor coordinates [1], V/f and I-f 
control with stabilizing loop has been proposed [2] to [4] for PMSM drives. 

Speed observer with stabilizing loops is presented in [5]. 
In essence, open loop V/f control with d.c. link current pulsation driven 

correction of the reference frequency (speed) is successfully proven up to 200 rad/s 
in [3]. 

V/f control with frequency and voltage correction based on active current 
respectively reactive current (with efficiency optimization) is introduced in [4] and is 
used to calculate a V(f) on the base of fourth order polynomial equation. 

Finally, [7] and [8] demonstrate the possibility to reach 45,000 rpnn and 
respectively, 120,000 rpm in a brushiess d.c. control, with startup sequence, by d.c. 
link voltage control via a chopper. The PWM converter is used oniy to commutate 
the phase sequences. For higher speed (120,000 rpm) we feei that sinusoidal 
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4.2 V/f control with flux and power angle stabilizing loops 107 

current control is needed to reduce both stator core and rotor losses, which tend to 
be too high for rectangular current control (see Fig. 10 of [6], on rotor 
temperature). 

Dynamic current compensation has also been attached to V/f control at 
moderate speeds [6]. The present chapter uses digital simulations to assess some of 
the above mentioned methods up to 80,000 rpm and, in parallel, to propose a dual 
stability loop based on stator flux and power angle (stator flux, stator current 
control). 

The proposed solutions are documented through digital simulations and 
compared with three existing solutions of lower and respectively higher complexity 
(vector control) and proved to perform almost as well as the more complex one. 

4.2. V/f control with flux and power angle stabilizing 
loops 

This paragraph deals with the comparisons between some control techniques 
existing in the literature and a novei proposed control. The simulations are 
performed on a motor model whose parameters are given in TABLE 4.1. The task of 
simulations is to develop a control system which can damp almost totally the 
oscillations 

The dq model of the surface PMSM in rotor reference frame is presented in 
Chapter 2. 

Based on this standard model the SPMSM [11] can be driven with standard 
V/f control scheme as shown in Fig. 4.1. This scheme can be used to achieve speed 
control in appiications like pumps or fans where fast dynamic torque response is not 
needed. 

Fig. 4.1 Standard V/f control 
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This control system Fig. 4.1 does not allow the damping of the torque and 

speed ripples which mean an important deficiency- These inconveniences can be 

removed if PMSMs have a rotor with cage windings but this supposes suppiementary 

costs and losses [1]. 

The solution shown in Fig. 4 .2 [3] uses a stabilizing loop which depends on 

the d.c.-link power or current perturbations. The correction is performed by 

analyzing the variation of the inverter d.c. link or of the active power variation. 

This solution works up to 200 rad/s but apparently does not work as well as 

it works at very high speeds as shown latter in this chapter. 

Calculation 

of the voltage 

command 

•cAfn 

Generation 

of inverter 

drive 

signals 

(SVM) 

Aco, 

Derivation of Aco. [ | 

' Stabilizing loop I 

Rg. 4 .2 v/f control with stabilizing loop [3 ] 

Our solution, proposed here, corrects these deficîendes. The block diagram 
is shown in Fig. 4.3. This control schenne add to the standard V/f control two kinds 
of different loops: flux (voltage amplitude) and power angle regulators. 

The flux obsen/er is very simple and can be achieved from stator voltage and 
currents with a PI compensator to eliminate the input d.c. offset. 

a 
/ C / . T 

comp 
(4 .1) 
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Fig. 4.3 V/f control with flux and power - angle stabilizing loops (a) with flux observer (b) 

The angle between stator flux and stator current reference y* (Fig. 4.4) is 
used as a constant both during acceleration (start-up) and steady state. The actual 
angle between stator flux and stator current y , called also the power angle, Is 
obtalned from a flux observer with the measured stator current and the 
estimated stator flux Ă̂ p in stator coordinates (Fig. 4.5). 

The method principie consists of the stator flux ^estimation (see Fig. 4.3b) 
and the stator current computation through two current sensors. The angle 
/between the two above mentioned vectors can also be computed. 

The angle y shouid be greater than 60°. The error between the desired and 
the real angle is introduced in two PI regulators as in Fig. 4.3. It has to be noticed 
that the correction on the amplitude voltage loop is an adaptive one proporţional 
with motor speed. 
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CO. 
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i 
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Fig. 4.4 Stator flux linkage and current vector in rotor reference frame 

Fig. 4.5 y angle computation 

(4.2) 

The reference value of the voltage V is limited to 75% of the nominal 
voltage of the inverter. The voltage is increased or decreased by the power angle 
loop feedback with up to +/- 25% of the nominal voltage which will lead to speed 
oscillations compensation. The power angle y "s corrected by the two PI regulators, 
having as outputs Al/ and Aft and working together fuH time at any speed. 
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The flux voltage based observer is shown in Fig. 4.3b, and it is good enough 
at high speeds. 

The coefficients of the flux observer controller are kp=20 and kj=10. The 
coefficients on the correction loop of the voltage annplitude Al/ are kp=2 and kj=10 
and the ones on the correction loop of the voltage phase A0 are kp=4 and k,=15. 

The configuration in Fig. 4.3 is from the point of view of oniine computation 
notably less intensive as compared to vector control in existing implementation (Fig. 
4.6) of approximately equivalent performance. The benefits of our method are 
related also to the elimination of two coordinate changers (Fig. 4.6), and their 
incumbent errors in delay time and rotor position [9]. 
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Coniroller 
PI Spccd 

Coniroller 1 J ' PI 

1 r 
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Convcrtcr 
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PMSM 

Speed and angle' 

estimator 

Fig. 4.6 PMSM - vector control scheme with three discrete Halls-effect sensors 

4.3. Digital simulations results 

Digital system sinnulations have been processed in Matlab Simulink for an 
easy translation into the dSpace. The motor data are given in the Appendix at the 
end of this chapter. Fig. 4.7 and Fig. 4.8 illustrate the performance of two existing 
solutions: classical V/f control and V/f control with d.c. link current (or power) 
oscillations correction loop. In V/f control the speed oscillations increase with load as 
no damping is provided but in the second case the speed oscillations decrease under 
similar circumstances. First, the speed is ramped to 80,000 rpm and V/f open loop 
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control was appiied (Fig. 4.7) with a step load torque appiied at t=12 sec. The 
machine remains in synchronism, by this meaning that it oscillates around the 
designated speed with 100 rpnn at 0.1 Nm torque load and with 300 rpnn at 0.4 Nm 
load torque. 

\ 1 o ' 

Fig. 4.7 PMSM Classical V/f control without any stabilization loop 
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Fig. 4.8 V/f control with d.c. link current (or power) oscillations correction loop 

The compensation loops work on limiting the oscillations under load as can 
be seen in Fig. 4.8. Both solutions have high speed and torque oscillations at 80,000 
rpm which couid not be acceptable. 
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Fig. 4.9 Vector control transients 

Vector control with speed and angle estimator and with synchronous current 
regulation based on [1] shows as expected smooth running and loading (Fig. 4.9) 
for sanne translent conditions. 
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Fig. 4.10 V/f control with two stabillzing loops and full torque load 

Fig. 4.10 illustrates the proposed V/f control with two stabillzing loops. The 
speed oscillations after step torque loading are very small, are damped in short time 
(as for vector control) and the speed recovery is swift. The transient power angle y 
and its control around 60° is clearly visible in Fig. 4.10d. The reason to control the 
system maintaining an angle of 60° between the current vector and the stator flux 
vector is to obtain a good power factor. In these conditions, (p = 30^ and thus the 
power factor has an excellent value of 0.86. 
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Fig. 4.11 1 Hz speed oscillatlons response with torque load ramp for the 

proposed control system 

The response of the proposed system to 1 Hz frequency speed perturbations 
around 68,000 rpm is shown in Fig. 4.11. The reference and the actual speed are 
very close to each other. 
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X 1 o ' 

Fig. 4.12 1 Hz torque load oscillations response of proposed control system 

Similar results are obtained with torque perturbations of sinusoidal character 
(Fig. 4.12). 
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20; 

Fig. 4.13 Gutput of the PI regulators 

To show the behavior of the power angle / based on voltage and phase 
angle regulators, their outputs are shown in Fig. 4.13 for the transients given in Fig. 
4.10. 

It is obvious that the action of the two compensating loops is notable and, 
again, the quick and stable response after step load torque appiication at t=12s is 
highiy visible. 
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4.4. Sensorless V/f Control of PMSM with Two Novei 
Stabilizing Loops for High Speed Dynamics for zero 
interior reactive power 

This paragraph introduces two stabilizing loops to correct voltage amplitude 
and phase in V/f control of high speed PMSM based on a close loop that nnakes the 
machine interior reactive power zero (implicitly pure Iq control) (see [10]). 

Details of the implennentation with good load rejection properties and 
starting from any rotor position constitute the core of the paragraph. The solution 
shouid be especially instrumental for high speed drives where oniine computation 
time cycle is inherently very snnall. 

4.4.1. Proposed V/f control with two stabilizing loops 

Another V/f control with two stabilizing loops is proposed here in order to 
obtain high dynamic perfornnance, which couid place it between the standard V/f 
control and the standard vector control. Moreover, this proposed control strategy 
must be fast enough so that, at high speeds, the computation time shouid be 
sufficient. 

The first idea is to reduce the computation time by eliminating the Park 
transformation between the ap - stationar/ reference frame and dq- rotor reference 
frame [12]. This transformation, direct or inverse, uses trigonometric functions like 
sin and cos that need suppiementary computation effort. 

The proposed control strategy fulfills these restrictive conditions. It is best 
illustrated in connection with the vector diagram in Fig. 4.14, where is the 
electrical rotor position. 
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Fig. 4.14 Vector diagram of SPMSM for V/f control. 

This control strategy Is based on the vector diagram of voltage V̂  and 
current vectors for the V/f control and for the vector control, which operates with 
/ j = O (surface PMSM) in ideal conditions. To achieve = O, the system will startup 
with the standard V/f control, while a parameter that indicates the orientation of 
current vector is monitored in closed loop. This current has the minimum value 
for a given torque oniy for = 0. 

In essence, the control strategy is based on the system property which 
consists in maintaining the same angle between the voltage V̂  and the current J^ 
for a cvasi-constant load. Thus, to control the voltage V̂  means, in fact, to control 
the current . The voltage vector is accelerated or decelerated, while its amplitude 
is increased or decreased, depending on the case, until the current vector is aligned 
to the q axis. More details are given in Chapter 5 where the implementation of the 
control system on a SPMSM is presented. 

BUPT



4.4 Sensorless V/f Control of PMSM with Two Novei Stabilizing Loops for HIgh Speed 

Dynamics for zero interior reactive power 121 

4.4.2. Overall simulated system description 

As in the case of the precedent control strategy, this proposed novei control 
system was simulated in Matlab Simulink. To better understand this novei control 
strategy, the structure developed in Chapter 2 for the vector control is conserved, 
although some parameters like and sinS^^ are not anymore used. The 
simulated control scheme is presented in Fig. 4.15. 
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Fig. 4.15 High speed PMSM with two stabilizing loops - simulated system overview 

This control scheme consists of the blocks presented below: 

oThe flux and torque reference (left part in Fig. 4.15) - is a special block 

from Matlab which can provide different signals needed in simulation; 

oThe block which prescribes the voltage amplitude for the standard V/f 

control (see Fig. 4.16). In fact it is a look-up table which takes into 

account the motor characteristics; 

oThe block which computes the voltage vector angle in the standard V/f 

control (see Fig. 4.17). It is also a look-up table which takes into account 

the motor characteristics; 

oThe SPMSM mathematical model is presented in Chapter 2; 

oThe control structure is presented in Fig. 4.18 and Fig. 4.19 
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Fig. 4.16 Voltage amplitude computation in the standard V/f control 

Fig. 4.17 Computation of the voltage vector angle in the standard V/f control 

The block in Fig. 4.17 needs as input the reference frequency f* and the 
control sampling time h which in our case is 100 ms. 

This block also normalizes the rotor angle within { - t t ... ) limits. 
The control systenn is based on the fact that for a machine with the 

current will be minimum for a given load oniy if Id =0. This was aiready 
implemented for the vector control in the precedent chapters. In what foilows, the 
way the same conditions can be implemented in the novei strategy control is 
explained. Thus, the amplitude and phase of voltage vector V* will be modified until 
the current vector 7* will fall along q axis, position for which the machine develops 
maximum torque. 

This can be obtained in two ways: 

1. Finding the rotor position of the sensorless drive and then imposing an 
angle of 90° electrical degrees between the current vector and the 
estimated rotor position ( see Fig. 4.18) 

2. Monitoring an equivalent variable with the desideratum =0 used in 
vector control. The chosen and computed variable was the internai reactive 
power symbolized by Q^aşisee Fig. 4.19). 

Both inputs of the control blocks presented below have to be filtered in order 
to be able to manipulate the obtained output signals (see Fig. 4.21). The error on 
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the correction loop of the voltage magnitude nnust be multiplied by the speed sign 
(see Fig. 4.18 and Fig. 4.19). 

Plangle 

Fig. 4.18 Control block based on imposing an angle of 90° electrical degrees between the 

current vector and the estimated rotor position 

Fig. 4.19 illustrates the block monitoring the internai reactive power Q'^ . 
This internai reactive power and the arguments for its choose will be detailed in 
Chapter 5, in which the innplemented experimental setup is presented. 

Fig. 4.19 Control block based on monitoring the internai reactive power 

The expression which defines and computes the internai reactive power Q'aş 
is (4.3): 

(4.3) 

Notice that this expression is very simple and easy tô  be implemented on 
any digital signal processor (DSP). However, the obtained values are not so exact 
during transients. This is the reason for which one can say that the system works * 
with approximated values and the Id value will not be the optimal one each time. 
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In conclusion, if we take into account the obtained results compared with 
vector control and the fact that the Park transformations are connpleted worthless, 
the advantages of the novei control strategy with two stabilizing loops are ahead of 
its disadvantages. 

Detalls over the internai reactive power implementation are given in Fig. 
4.20. 

lalfa beta 

Pw const 

Fig. 4.20 Computation of the internai reactive power Q̂ ap 

The used filter is presented in Fig. 4.21. The filter is designed as a low pass 
fi lter(LPF), having the form: l/(/c s + 1). 

Adaptive coef. 

Rg. 4.21 Adaptive low pass filter (LPF) 

The adaptive coefficient of the filter is /c, which varies with speed from 0.2 
(for low speed) to 0.05 (for high speed). 
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4.43. Simulation results 

It is important to point out some differences between the performance of 
vector control drive discussed in Chapter 2 and the investigated sensorless V/f 
control discussed above in this chapter. Data of the motor are presented in Chapter 
6. 
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Fig. 4.22 Encoder speed during no load start-up at 10,000 rpm foilowed by 

loading at 100% of nominal torque at 0.8 s and unioading at 1.6 s 

Fig. 4.22 shows the simulated speed response from the new above discussed 
system. A no load startup is made in 0.1 s, 100 % step load is added at 0.8 s and 
the entire system is unioaded at 1.6 s. 

In Fig. 2.27 and Fig. 2.28 but also in Fig. 3.9a; it can be seen that the 
startup operation with and without encoder is achieved in maximum 0.1 s. One can 
say that speed waveform results from presented control in Fig. 4.22 have almost 
the same dynamic responses. 

The control does not have problems with loading and unioading at 0.8 s and 
1.6 s as it can be seen in Fig. 4.22. So the novei control system does not have 
major problems compared with vector control. 
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Fig. 4.23 Stator currents durlng tests in Fig. 4 .22 

The stator currents during simulation presented in Fig. 4.22 are illustrated in 
Fig. 4.23. The currents do not exceed the maximum available data given in Chapter 
7. 
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Fig. 4.24 Id Iq currents during simulation in Fig. 4 .22 
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Fig. 4.24 illustrates the currents waveforms in rotor coordinates. The 
currents waveforms illustrated in Fig. 4.23 and also in Fig. 4.24 show the way the 
system responses to perturbations. The occurred problems are analyzed by 
comparing them with the experimental results illustrated in Fig 2.30. As it can be 
seen there are large oscillations occurred during loading or unioading operations, 
but these oscillations do not excessively affect the system performances. 

It has to be noticed that the d axis currents are desired to be as small as 
they can be, especially in this case in which the d axis current has to be maintained 
zero and the torque expression depends oniy upon the q axis current. Even more, a 
larger value for the d axis current, even for a short period of time, in simulation 
tests, is undesirable. 

0.8 1 1.2 
Time [5] 

1.4 1.6 1.8 

Fig. 4.25 Torque during simulation in Fig. 4.22 

Fig. 4.26 illustrates the error between the actual and the reference speed. 
Thus, in simulation, the control does not use the speed provided by the machine 
model block and the necessary data are estimated using the machine currents and 
voltages. 
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Fig. 4 .26 Speed error during simulation in Fig. 4 .22 

The speed error is within acceptable limits, having large values oniy at 
startup. However, these errors are comparable with the ones obtained using the 
vector control and lllustrated in Fig 3.9c. 

10 I I I • 1 1 1 1 1 1 

j 

1 1 1 1 L _ 1 1 1 1 

> Q 

-S 

-10 
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

Time [s] 

Fig. 4.27 DV during simulation in Fig. 4 .22 
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Time [s] 

Fig. 4.28 Dteta during simulation in Fig. 4.22 

Fig. 4.27 and Fig. 4.28 illustrate the outputs of the voltage amplitude and 
angle controllers used in the control system. One can say that the two stabilizing 
loops are working together to control the entire system. 

Thus, during acceleration within 0.1 s and 0.4 s, the voltage amplitude is 
decreased, while the voltage vector is accelerated. This can also be observed during 
loading (0,8 s) and unioading (1.6 s) operations. Thus, when the machine is loaded, 
the voltage amplitude is increased, while the voltage vector V̂  is slowly 
decelerated. The inverse process occurs when the machine is unioaded. 
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4.5. Condusion 

The goal of the present chapter was to analyze few control methods for high 
and super high speed SPMSM. Two novei control strategies for SPMSM with speed 
and torque fluctuatlons connpensatlon have been introduced. 

Both strategies act on the stator voltage vector V^. These strategies take 
Into account some Imposed angles in machine vector diagram and modify the 
voltage annplitude and phase (see Fig. 4.4 and Fig. 4.14). Thus, first strategy couid 
impose for the angle / (between the stator flux and stator current) a value around 
of 60°. The second strategy imposes an angle of 90° between the stator current Ĵ  
and the permanent magnet flux Ăpf̂  , which is equivalent to = O in the vector 
control case. 

Digital simulations proved that it is possible to obtain good performance both 
in steady state and transient regime. 

The oniine computation effort is believed to be less intensive than for vector 
control. 
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Appendix 

T A B L E 4 . 1 . 

S P M S M SPECIFICATIONS 

Number of pole pairs (p) 1 
Rated power 3 kW 
Rated speed 80.000 rpm 
Rated frequency 1333 Hz 
Rated torque 0.358 Nm 
Rated phase to phase voltage 380 V(rms) 
Rated phase current 20 A(rms) 
Stator resistance per phase (Rs) 0.6 n 
d-axis inductance (U ) 1 mH 
q-axis inductance (Lq) 1 mH 
Rotor permanent - magnet (Apm) 0.031 V s rad •1 

Inerţia of the rotating system (J) 10 '' kgm^ 
Viscous friction coefficient (Bn 0 lO'^Nms/rad 

T A B L E 4 . 2 . 

PI REGULATORS FOR VECTOR CONTROL 

Regulator kp ki 
Speed controller 0.2 10 
Torque controller 30 10000 

Flux controller 30 10000 
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Chapter 5 
Sensorless V/f Control of Surface PMSM 
with Two Novei Stabilizing Loops for High 
Speed Dynamics: implementation and test 
results 

Abstract 

This chapter introduces a novei sensorless control of high-speed SPMSM 
drive based on two stabilizing loops to correct the voltage amplitude and phase in 
V/f control using a close loop for zero interior reactive power (implicitly pure Iq 
control). Innplennentation details and comprehensive test results with a 300 A, 50 
Vdc MOSFET inverter and SPMSM are given. Speed reversal of ±10 krpm within 160 
milliseconds with good load rejection properties, 20 krpm no load startup and 
starting from any iniţial rotor position constitute the core of the chapter. The speed 
(torque) dynamics are similar to those of vector control method with encoder, but 
oniine computation effort is notably lower, with superior control robustness. 

5.1. Introduction 

An ultrahigh speed motor (500 krpm and 100 W) and three special 
commutation strategies for this high speed motor are presented in [1]. 

Super high-speed drives (over 150 krpm) have been obtained recently, 
focusing on stability rather than on control response quickness [2] with improved 
vector control dynamics [3]. Speed above 200 krpm are reported in [4] without 
control details. 

However, V/f control systems with voltage amplitude [5] [6] and phase 
correction [7], for operation at high-efficiency constant power factor, have been also 
proposed. Other scalar or vector control strategies to improve stability at high speed 
are given in [8], [9] and [10]. Two stabilizing loops on top of V/f control ( [11] , [12] 
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and [13]) have led to speed oscillations reduction and good efficiency, but did not 
improve system dynamics. 

For speeds between 60 krpm to 100 krpm, the hybrid V/f with positlon 
encoder and current control, but using Park transformation, has been proposed in 
[14]. Good dynamic performance up to 65 krpm with sensorless vector control are 
shown in [15], and comparisons between vector control and standard V/f control 
and given in [16]. V/f and I_f control up to large speeds is investigated in [17]. 

AII the above methods either require large oniine computation effort for 
sensorless vector control, or show slow dynamics, i.e., large acceleration time to 
peak speed for V/f or I_f control with or without stabilizing loops. 

The present chapter introduces two novei stabilizing loops based on the 
control to zero of the internai reactive power (in fact ld=0) for V/f control in order 
to: 

- provide fast speed dynamics (both for startup from any rotor positlon 
and after torque perturbation); 
- imply oniine computation effort and avoid stator resistance variation 
sensitivity; 
- avoid both current and speed close loop regulators for control simplicity 
and robustness 

5.2. Basic Control Systems for SPMSM 

The SPMSM space-phasor model in stator coordinates is: 

(5.1) 

Ăs = Ls^s + ^PM 

where Vs , I s and Ăs are the stator voltage, current and flux vectors, respectively, 
ĂPM is the PM-flux vector, Rs, Ls are the stator resistance and inductance, is 
the electrical rotor position, and 6, is the stator current vector angle. 
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The SPMSM can be driven by the foilowing strategies met in literature: V/f, 
I_f , vector control or DTC. Best results are obtained using the last two strategies 
when the system has an additional encoder. However, at high and very-high speeds, 
problenns involving the computation time necessary for one control cycle occur. 
Even nnore, if no encoder is provided, the problems become more serious including 
startup, when iniţial position must be known. The machine parameters Ărm, Rs, Ls, 
which are decisive terms in rotor position estimation must be also accurately 
known in order to provide a real rotor position, otherwise the motor will not start. 
AII these problems were faced out in [18] using the vector control system, but we 
think that, using the method proposed in this chapter, most of them couid be easier 
solved. 

The standard V/f control strategy [12], shown in Fig. 5.1, prescribes a 
rotating voltage vector whose amplitude V̂  is proporţional to its frequency o)̂ ^ and 
is smoothly modified. 

jf l j: i-î I dx , 

& r B* 
-- S V M & 

Dead Time 
Compensation 

V. 

SPMSM 

Fig. 5.1 Standard V/f control 

One obvious disadvantage of this method is that the prescribed voltage 
amplitude has to be large enough to cover torque transient operations. Thus, the 
machine operates with the same voltage amplitude whatever the load is, because 
this voltage vector can not be modified very fast. Another disadvantage is the 
presence of speed large oscillations during steady state operation. Note that the 
machine reaches the rated speed in a sizeable time (see Fig. 5.7). Moreover, in 
some cases the rated speed can not be achieved, due to the large oscillations, which 
are amplified by the augmentation of speed. An abrupt frequency ramp will 
automatically lead to the stop of the control system by the overcurrent protection 
device, or by the machine loss of synchronization [12]. 

Another control strategy, this time a very performant one, is the vector 
control strategy [18] (see Fig. 5.2). The most essential characteristic of this 
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strategy is that the system is implemented in dq - rotor reference frame, with the 
advantage of good stability, notably when an encoder is provided. When the 
encoder is missing, some problems may occur and these will be presented when 
describing in detail the proposed control system. 

kp ki kp ki 
ca. 

O -

CO. 

SPMSM 

^ — 
Speed and angle 

^ — ' ' i 
estimatoi 

only for only for Speed and angle Index 
compari son COr calculator I ^ c S l B 

Fig. 5.2 Block diagram of sensorless vector control system. 

5.3. Proposed V/f control with two stabilizing loops 

The control strategy is similar with the one described in Chapter 4. 
V/f control with two stabilizing loops is proposed here in order to obtain high 

dynamic performance, which couid place it between the standard V/f control and the 
standard vector control described in Chapter 2, respectively in Chapter3. Moreover, 
this proposed control strategy must be fast enough so that, at high speeds, the 
computation time shouid be sufficient to prescribe the next voltage vector Vs . 

The strategy control does not use the Park transformation between the a/3 -
stationary reference frame and dq- rotor reference frame [26]. This transformation, 
direct or inverse, uses trigonometric functions like sin and cos that need 
suppiementary computation effort. 

A second idea is to reduce the computation time by eliminating the rotor 
position and speed estimator. 
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The control strategy was described in Chapter 4 and is presented again in 

the vector diagram in Fig. 5.3, where d f̂. represents the electrical rotor position. 

vultaec accck-ratton 

Fig. 5.3 Vector diagram of SPMSM for V/f control. 

The vector diagram in Fig. 5.3 is related to the control schenne in Fig. 5.4. 
These two control schemes describe how the standard V/f control couid be 
transformed in a performant control equivalent to vector control. 

The system starts up with the standard V/f control and then = O has to be 
achieved by a proper control. 

The chosen parameter to observe this is the internai reactive power Q , 
which is zero when = 0. More details of the internai reactive power will be 
presented subsequently. 

Fig. 5.4 introduces the proposed V/f control scheme with two stabilizing 

loops: 
i) for voltage amplitude correction A\/ , 
ii) for voltage phase correction A 0 , in order to lead to zero the internai 

reactive power. 
Making ailowance for the internai reactive power error, the voltage vector 

Vs will be accelerated or decelerated (Fig. 5.3) and meanwhile its amplitude will be 
decreased or increased. The load angle between \/s and I s remains roughiy 
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constant, and thus, the voltage vector drags towards it the current vector, which will 
fall along the q-ax\s where the torque Te is maximum for a given current. For 
SPMSM La = Lq, and thus 

^PMÎq (5.3) 

where the d- axis current is worthless for torque production. 
No Park transformation and no speed loop are used. The internai reactive 

power is computed from two measured stator currents and the reference stator 
voltage components. An incremental position encoder is used oniy for comparisons. 

The input of the control system in Fig. 5.4 is the mechanical reference speed 
î̂nec (given in rpm). Thus, the system operates at constant speed value. 

The electrical speed cô ^ (rad/s) and the electrical frequency f̂  (Hz) are 
computed from the mechanical speed n^^^ • ^ ô operating voltages are the 
computed voltage from the look up table V* and the corrected voltage V* .̂ In some 
extremely cases V̂ ^ can be limited to l/̂ /̂ • This voltage is the maximum admitted 
voltage value for a demanded speed (frequency). 

05 and olci -(see Fig. 5.3 and Fig. 5.4) are the angles of the voltage vectors 
V^ and respectively V̂ l̂ with respect to d axis. 

IXnaniic 
liniilalion 

SPMSM 

Fig. 5.4 Block diagram of the proposed V/f control with two stabilizing loops 
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5.4. Internai Reactive Power Calculator 

The selected parameter to monitor the current vector alignment on c7-axis, 
i.e., Id = O, Is the internai reactive power in stator coordinates Qap̂  

The reactive power in rotor coordinates Qdq has the expression (5.4) (see 
[19] to [25]) , and it is zero when = 0. 

Q d Q - f ^ e V P M (5.4) 

This formula is a clock-like one, and it is valid both in steady state and 
transient regime. On the other hand, (5.4) contains the term employing the Park 
transformation, fact that must be avoided. Consequently, instead (5.4) , the internai 
reactive power in stator coordinates (5.5) is used: 

Qap = l^^o^P - h^o) (5.5) 

However, this formula is strictiy valid during steady state and has some 
problems while may appear during transients and during generator regime. They 
will be discussed later. 

Fig. 5.5 presents the two reactive powers described above estimated from 
speed reversal operation from 10,000 rpm to -10,000 rpm, using the standard 
vector control with encoder, implemented on the same setup. It shouid be noticed 
that the reactive power in rotor coordinates reaches zero faster than the reactive 
power in stator coordinates, as expected. 
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10000 

Fig. 5.5 Speed reversal from 10,000 rpm to -10,000 rpm vector control with encoder: 

a) reactive power Qaş in stator coordinates multiplied by 10 

(b) reactive power Qdq in rotor coordinates multiplied by 10 

(c) Zoom of these reactive powers. 

Therefore, in some situations the monitored current will not be exactiy 
zero as it is desired. For Ls an approximate value is also necessary. We couid say 
that the whole system operates with approximate values. This is beneficial, because 
in sensorless vector control the rotor position and the machine parameters Xpf̂ , Rs, 
Ls have to be accurately known; otherwise the nnachine will not start. Note that in 
(5.5), the stator resistance Rs influence gets cancelled. This is a special 
characteristic of the proposed control. 

Due to the fact that the connputed reactive power has notable noise 
disturbance, it has to be filtered. The filter constants are given in TABLE 5.1 in 
Appendix. These constants influence current dynamics, which, for short periods of 
time, have larger amplitudes than in vector control. 
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5.5. Start-up Strategy 

A very well known problem in the case of synchronous machine startup is 
that the iniţial rotor position must be known. Moreover, in the case of SPMSM, when 
Ld=Lq, the signal injection can not be appiied directiy in order to find the iniţial rotor 
position, uniess additional opposite voltage vectors are used subsequently for the 
scope. A simple solution is to align the rotor d-axis to a known position, by 
triggering a proper voltage vector, but the rotor will rotate a littie bit in an 
indeterminate direction. 

By using the proposed control system, the problem to determine the iniţial 
rotor position is eliminated, because in essence it is a V/f control. However, this is 
not an assurance that the rotor will not rotate in the opposite direction for a very 
short time, as it is suggestively presented in Fig. 5.6. 

0.2 0 . 8 1 . 0 1 . 2 

Time [s] 

Rg. 5.6 Start-up problems to 10,000 rpm - experimental resuits 

In the worst case, during acceleration from O to +10,000 rpm, the rotor 
initially turns into the negative direction reaching -600 rpm. Notice that the machine 
reaches the required speed in approximately the same time (0.1 s). Thus the total 
acceleration time remains about the same as the time for iniţial rotor position 
procedure is less than 20 ms.' 
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The rotor rotates in the opposite direction after being deliberately placed in 
many different iniţial positions. Fig. 5.6 presents the worst case scenario. 

5.6. Experimental Results 

Fig. 5.7 presents the dynamics and the oscillations in the speed waveform, 
typical to standard V/f control. 

Fig. 5.7 No load start-up at 10,000 rpm with standard V/f control. 

The motor operates at no load and the rated speed of 10,000 rpm is 
reached in 0.5 s. If large reference acceleration is appiied, a loss of synchronization 
occurs. However, this acceleration can be slightiy larger when the motor starts 
under a load torque proporţional to speed, which acts as a damper cage ancJ 
attenuate speed oscillations. Thus, the dynamics wouid be somewhat improved for 
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some load conditions (Mz.=10%M/.n) and the acceleration to 10,000 rpm couid be 
achieved in 0.25 s; but this is still too much. V/f control in Fig. 5.7 shows speed 
pulsations and large current annplitudes irrespective to load. 

The tests using the proposed V/f control system with two stabilizing loops 
are shown in parallel to those of the vector control system [18], in order to 
accentuate the similar performance of both control systems. 

5.6.1. No Load Start-Up to 10,000 rpm 

The first test consists in no load startup from O to +10,000 rpm. As it can be 
seen in Fig. 5.8, the dynamics are very good using the proposed control system, 
with the acceleration time of 0.1 s. These dynamics are similar to the vector control 
system dynamics with and without encoder. This is the minimum ailowable 
acceleration time for this motor and it can also be theoretically derived from the 
mechanical equation of the system: 

= (5.6) 

where, for the machine parameters from Chapter 6 and for a speed from O to 
10,000 rpm, a 0.1 s acceleration time is obtained. This acceleration time is close to 
the one obtained in the test results in Fig. 5.8. 

The Id current slowly reaches zero value because the used filters (LPF) have 
rather large time constant. This is also reflected in the startup current amplitude. 
Adequate current protection will ignore current spikes within a short time. 
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Fig. 5.8 No load start-up at 10,000 rpm foilowed by loading at 80% of rated torque at 0.8 s 

and unioading at 1.6 s: a) Encoder speed; b) Three phase currents; c) Speed error between 

encoder & required speed. 

BUPT



148 Chapter 5 V/F CONTROL WITH STABILIZATION LOOPS-TEST RESULTS 

At 0.8s (Fig. 5.8) the motor Is loaded wlth the rated torque value. Notice 
that, using the proposed control system, the motor accepts a load larger with 8 % 
than using the vector control in [18]. For the vector control system, when the 
mentioned load was reached, the motor lost synchronization due to unacceptable 
errors in rotor position . 

When the unioading occurs (at 1.6 s in Fig. 5.8) the speed oscillations are 
there, but they are quickly attenuated. The speed errors are acceptable and similar 
to the ones obtained using the vector control system [18]. 

The torque transients corresponding to the best results given in Fig. 5.8 are 
shown in Fig. 5.9. The torque response is very fast at 0.8 s. The torque oscillations, 
due to unioading process lead to oscillations in speed (see Fig. 5.8c). The step load 
torque is oniy 90% from the rated torque. 
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Fig. 5.9 Electromagnetic torque transients during tests in Fig. 5.8. 

1.8 

5.6.2. On Load Start-Up at and Speed Reversal at +10,000 rpm 

Experiments at negative speeds have been also done, in order to 
demonstrate that the machine operates in the opposite direction too. Moreover, the 
startup in this direction has been done with the machine loaded (see Fig. 5.10). The 
system starts up with load proporţional to speed from O to +10,000 rpm. The step 
load torque at 1 s is foilowed' by a speed reversal from -10,000 rpm to +10,000 rpm 
at 1.6 s. The encoder speed presented in Fig. 5.10a is the machine real speed. 
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Fig. 5.10 On load start-up at -10,000 rpm foilowed by unioading at 0.6 s, reloading at 60 % of 

rated torque at 0.8 s, speed reversal from -10,000 rpm to 10,000 rpm at 1.4 s: a) Encoder 

speed; b) Three phase currents; c) Speed error between encoder & reference speed 
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For speed reversal operatlon, the machine is loaded oniy at 60% of rated 
torque value. This value couid not be exceeded (see Fig. 5.11), for reasons still 
under investigation. 
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Fig. 5.11 Electromagnetic torque transients during tests in Fig. 5.10. 

In Fig. 5.12, when the machine operates as generator, serious problems 
occur: at 0.6 s when the machine is abruptiy unioaded, the current amplitude is not 
decreasing fast enough {i^ is not kept zero) and at 1.6 s, when the speed reversal 
occurs, the current amplitude is large again and thus the current protection has to 
be adjusted not to act in these conditions. 

u 0.2 U.4 ^ (.'.6 0 8 1.0 12 14 1.6 1.8 
Time [sj 

Fig. 5.12 Voltage amplitudes during dynamic tests in Fig. 5.10. 
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Around zero speed, instability occurs if operation with ld=0 is performed 
[27]. To avold this and, thus, to secure safe speed reversal, the internai reactive 
power Qoş signal was reduced when reference speed rannping was negative. This 
means that implicit positive Id running was ailowed. 

In Fig. 5.12 the voltages amplitudes are presented. V̂ srnax ^nd V/̂ rnin ^re 
the voltage dynamic limitations. V^ is the voltage prescribed from the standard V/f 
control and is the real voltage amplitude appiied to the control system. 

It can be observed that the reference voltage V^ is notably adjusted by the 
control system to V̂ c value. It is very important that this voltage never will be 
negative and also that it will not exceed the ailowable maximum value for a given 
speed. These limitations were analytically computed from the feedforward loops of 
the vector control system, taking into account the Id current which has to be zero: 

^q.ff = ̂ ^er'd + ^er^PM 

where Vd ff and Vq ff are the feedforward voltage corrections. 
The most sensitive experimental test is the speed reversal operation (Fig. 

5.10). For this experiment, the voltage has to be reduced close to zero, because the 
machine starts to operate as generator, and once the speed crosses zero, the 
voltage has to be increased. This increase is somehow artificial, because we also 
have to take into account that the internai reactive power Ĉ â  gives rather 
erroneous Information for a short period of time. Thus, the control system operates 
properly if the voltage is large at the beginning and, after that, slowly reduced. This 
also may explain why, during transients, the currents amplitudes are rather large. 
Fig. 5.14 shows the effect of the amplitude and angle stabilizing loops controllers. 

Fig. 5.13 illustrates the internai reactive power used in the control system 
during the tests in Fig. 5.10. The real power has large oscillations so it can not be 
used in the control. This is why it has to be filtered. In the same figure the filtered 
internai reactive power which is used in control is also presented. It can be observed 
that oniy when the filtered power is zero the motor speed reaches the reference 
speed. 
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Fig. 5.13 Real and filtered internai reactive power during dynamic tests in Rg. 5.10. 
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Fig. 5.14 Voltage amplitude and phase intervention of stabilizing loops regulators 

during dynamic tests in Fig. 5.10 
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Both corrections in Fig. 5.14 are rather similar, which means that, when the 
voitage vector l7* is accelerated, a change in the voltage amplitude also occurs. 
There is still room for further investigation towards a good compromise between 
very good starting and performing running, with load perturbations. 

With the proposed control system, the machine operates properly even at 
speeds higher than 10,000 rpm. If the sensorless vector control can have problems 
at speeds higher than 12,000 rpm, the proposed V/f control system with two 
stabilizing loops operates well at this speed. 

However, the tested machine was build for high speeds. In these conditions, 
it was considered sufficiently to operate at machine rated speed. Oniy two 
experimental tests were realized at speeds over 10,000 rpm. 

Thus, in the first test onIy 75 % of the rated speed was achieved, while in 
the second test the rated speed was attained. 

The startup test from O to 15,000 rpm ailowed the machine loading in same 
conditions as in the test presented in Fig. 5.10. 

The startup test from O to 20,000 rpm was possible onIy in the no load 
condition because loading supposes having a larger voltage in the inverter dc link. 

5.63. No Load Start-Up to 15,000 rpm 

The experimental tests demonstrate that the drive is properly working even 
at high speeds. 

The same experimental tests, in the same conditions, using the vector 
control were realized in Chapter 3. 

The system starts up with no load from O to +15,000 rpm. Then the machine 
is loaded with a step load torque at 0.8s. The encoder speed presented in Fig. 5.15a 
is the machine real speed. 

Fig. 5.15c illustrates the error between reference and actual speed. Notice 
that this error is not larger than 2500 rpm, which is very good. 

Almost the same problems regarding the oscillations in the speed and 
currents waveforms can be observed in Chapter 3 (Fig. 3.12 and Fig. 3.13). 
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Fig. 5.15 Unioad start-up at 15,000 rpm and loading at 80% of rated torque at 0.8 s: 

a) Encoder speed; b) Three phase currents; c) Speed error between encoder & require speed 

Fig. 5.16 illustrates the effect of the loop modifylng the voltage amplitude. 
As it can be observed, the control system uses at startup and innmediately after, the 
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same voltage as the standard V/f control prescribes. The next step is to regulate the 
voltage amplitude by decreasing it. As it was mentioned before, this couid be done 
by accelerating the voltage vector. 

As Fig. 5.16 shows, when a load occurs, automatically the voltage vector is 
increased. 
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Fig. 5.16 Voltage amplitudes during dynamic tests in Fig. 5.15. 
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5.6.4. No Load Start-Up to 20,000 rpm 

The difficult test was to achieve the rated speed of 20,000 rpm. During the 
test the machine was driven in the same conditions as the ones described in 
Chapter 3 using the vector control. 

As it can be seen in Fig. 5.17b, at this speed the control has some problems. 
Thus, the current waveforms are not perfectiy sinusoidal, having some additional 
oscillations. 

Fig. 5.17a illustrates no load system startup from O to +20,000 rpm. The 
encoder speed presented in Fig. 5.17a is the machine actual speed. 
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Fig. 5.17 Unioad start-up at 20,000 rpm: 

Encoder speed; b) Three phase currents; c) Speed error between encoder & require speed 
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It has to be noticed that, for 10,000 rpm over speed, the motor couid not be 
driven using the standard V/f control due to the osclllations presence causing the 
motor stop. The motor performance over 20,000 rpm has to be remarked. 
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Fig. 5.18 Voltage amplitudes during dynamic tests in Fig. 5.17. 

Fig. 5.18 presents how the voltage amplitude is controlled while Fig. 5.19 
shows the way the voltage vector V* is accelerated. 
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Fig. 5.19 Phase interventlon of stabilizing loops regulators during dynamic tests in Fig. 5.17. % 
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5.6.5. No Load Start-Up to 2,000 rpm and Speed Reversal with Step 
Torque Load 

Low speed operation represents a chalange for both standard sensorless 
vector control and proposed control system. However, the standard V/f control 
operates rather properly at low speed if fast load torque variation does not occur, 
but the current amplitudes are large, so the efficiency is decreased. Vector control 
operates properly at low speed when using an encoder. Even if the experiments 
were conducted down to 2,000 rpm oniy for making a comparison with the vector 
control system (see Fig. 5.20), the proposed control system was tested and can 
operate adequately down to 1,200 rpm. 

The first event in Fig. 5.20 is acceleration up to 2,000 rpm. The rippies in 
currents and speed waveforms at low speed are larger than the ones obtained at 
high speed (20,000 rpm). At 0.6 s the motor is instantly loaded at 25% rated 
torque. At 1.2 s a speed reversal occurs. Fig. 5.20c show that the speed error 
during speed transients is quite large. The final test involves removing the load at 
1.8 s. 
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Fig. 5.20 Unioad start-up at 2,000 rpm, loading at 80% of rated torque 

at 0.6 s, reverse speed from 2,000 rpm to -2,000 rpm at 1.2 s: 

a) Encoder speed; b) Three phase currents; c) Speed error between encoder & required speec; 
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Finally, fast speed reduction from 10,000 rpm to 5,000 rpm is demonstrated 
in Fig. 5.21. 
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Fig. 5.21 Fast speed reductions test from 10,000 rpm to 5,000 rpm 
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5.7. Conclusion 

A novei sensorless control system for high-speed SPMSM is proposed based 
on two stabilizing loops to correct the voltage amplitude and phase In V/f control by 
using a close loop for zero interior reactive power. 

The advantages are the foilowing: 
- the torque and speed responses are fast; 
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- the oniine computatlon time cycle is shorter than the one of the sensorless 
vector control by using oniy the coordlnates; 

- the motor can starts from any rotor position; 
- the motor operates without a speed loop or current controllers, for 

simplicity and robustness; 
- the method does not ask for rotor position and speed estimators; 
- the method is not influenced by the stator resistance value at aii; 
- the machine inductance does not have to be known exactiy; 
- the speed dynamics and steady state errors, operating with approximate 

parameter values, are comparable with those of sensorless vector control results, 
which operates, however, well with more exact parameters; 

- no dc voltage or speed sensors are required; 

Appendix 

T A B L E 5 . 1 . 

GAINS USED IN REAL CONTROL 

PI AV controller FIg. 5.4 V 10 
PI AV controller FIg. 5.4 

ki_v 0.3 

PI A0 controller FIg. 5.4 
10 

PI A0 controller FIg. 5.4 
kLB 0.5 

Voltage LPF 
FIg. 5.4 

1 
kpv 0.1 

Angle LPF 
Fig. 5.4 

1 
0.1 

Angle LPF 
Fig. 5.4 

1 

kFe 10 
(used in speed reversai) 
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Chapter 6 
The test bench setup 

Abstract 

This chapter deals with the extended description of the laboratory setup 
used for all the tests presented in Chapters 3 and 5. 

It was build up in the Intelligent Motion Control Lab, Faculty of Electrical 
Engineering Timişoara, with the intended purpose to prove that simulated control 
algorithms related to the high speed PMSM are really working. 

6.1. Introduction 

The schematic principie of the test bench setup is presented in Fig. 6.1a. The 
setup consists of two identical 0.8 kW, 20,000 rpm, 4 pole SPMSMs with sinusoidal 
back-emf which are mechanically coupled (Fig. 6.1b). 

DC-link 

Generator Rectifier 

(a) 
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Fig. 6.1 Experimental system setup for high speed SPMSM 

a) the scheme b) the actual setup containing in the two identical SPMSM, 

batterieS; inverter and the dSpace platform. 

The motor data are presented in TABLE 6.1. The motor is fed by a 50V/ 
300A MOSFET inverter with 20 kHz switching frequency. The encoder has 500 
pulses-per-revolution and provides the actual rotor position and speed oniy for 
comparisons. AII control algorithms, using 10 KHz sampling frequency, are 
developed in Matlab-Simulink and implemented on a dSpace platform. 
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6.2. Hardware specifications 

6.2.1. The twin permanent magnet synchronous machines 

The main components of the system are the twln high speed SPM5M motors 
manufactured by Ebm Papst, Germany. These motors were assembled in our 
Intelligent Motion Control Lab, Faculty of Electrical Engineering Timişoara. 

The motors are 2-poles machines, star connected in the stator. In the rotor 
the machine has rare earth permanent magnets. The nominal stator voltage is 30 V 
and the nominal current is In= 28.5 A. 

Fig. 6.2 High speed PMSM coupled machines: the motor and the generator used for load. 

Each motor has attached two position sensors: an incremental encoder with 
500 pulses-per-revolution, used as martor in the presented controls, and three Hali 
sensors, working together, which are cheaper than the encoder. 

This gives the possibility to test each control with two different position 

sensors: the encoder or the Hali sensors. 
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T A B L E 6 . 1 . 

S P M S M SPECIFICATIONS 

Number of pole pairs (Pi) 2 

Rated speed 20,000 rpm 
Rated frequency 667 Hz 

Rated torque 0.4 Nm (at 20,000 rpm) 
Rated phase to phase voltage 39 V(rms) 
Rated phase current 29.5 A(rms) (at 20,000 rpm) 
Stator resistance per phase (Rs) 0.083 Q 
Inductance {Ls) 0.0425 mH 
Rotor permanent-magnet (Ărm) 0.00635 Vsrad-' 
Inerţia of rotating system (J) 40'10-^ kgm^ 
Viscous friction coefficient (5^) 10'®Nms/rad 

6.2.2. dSpace DS1103 

The DS1103 PPC is a very flexible and powerful system featuring both high 
computaţional capability and comprehensive I/O periphery [1]. Additionally, it 
features a software SIMULINK interface that ailows all appiications to be developed 
in the MATLAB ® /Simulink friendiy environment. All compiling and downioading 
processes are carried out automatically in the background. Experimenting software, 
called Control Desk, ailows real-time management of the running process by 
providing a virtual control panel with Instruments and scopes (Fig. 6.3). 
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tllllllllllllllllIMflIllllllllllllinilllllllIlF 

Fig. 6.3 The single board control system dSpace DS1103. 

The DS1103 is a single board system based on the Motorola PowerPC 
604e/333MHz processor (PPC), which forms the main processing unit. 

Fig. 6.3 gives an overview of the funcţional units of the DS1103. 
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MasterPK 

r Decrenienter 
Timebase 

Tinr̂ er A. 
Timer B 

Interrupt 
Control 1-1 
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DPMtM DPMEM 

Slav* MC 
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CAN Controller 

ADC Unit 

DAC Unit 

Incremental 
Encodef 
Inlertdce 
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Senal Inteddce 

l/O UnKs 

Slave DSP 
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Legend: 
ADC 

PWM 

Analog/Digital Converters 

MC CAN Microcontroller SOC 164 

CAP Capture 

DAC Digital/Analog Converters 

DPMEM Dual-Port Memory 

DSP Digital Signal ProcessorTMS320F240 

PPC Power PC 604e Processor 

Puise Width Modulation 

Fig. 6.4 DS1103 internai funcţional block diagram 
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6.2.2.1. I/O Units 

A set of on-board peripherals frequently used in digital control systems has 
been added to the PPC. They include: analog-digital and digital-analog converters, 
digital I/O ports (Bit l/O), and a serial interface. The PPC can also control up to six 
incremental encoders, in this way it ailows the development of advanced controllers 
for robots. 

6.2.2.2. DSP Subsystem 

The DSP subsystem, based on the Texas Instruments TMS320F240 DSP 
fixed-point processor, is especially designed for the control of electric drives. Among 
other I/O capabilities, the DSP provides 3-phase PWM generatîon making the 
subsystem useful for drive appiicatîons. 

6.2.2.3. CAN Subsystem 

A further subsystem, based on Siemens 80C164 micro-controller (MC), is 

used for connection to a CAN bus. 

6.2.2.4. Maşter PPC Slave DSP Slave MC 

The PPC has access to both the DSP and the CAN subsystems. Spoken in 

terms of inter-processor communication, the PPC is the maşter, whereas the DSP 

and the CAN MC are slaves. 

The DS1103 PPC Controller Board provides the foilowing features 

summarized in alphabetical order: 
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• A/D Conversion 

o 4 parallel A/D-converters, multiplexed to 4 channels each, 16-bit 

resolution, 4 ps sampling time, ± IOV input voltage range 

o 4 parallel A/D-converters with 1 channel each, 12-bit resolution, 800 ns 

sampling time ± IOV input voltage range 

Slave DSP ADC Unit providing: 

o 2 parallel A/D converters, multiplexed to 8 channels each, 10-bit 

resolution, 6 ps sampling time ± IOV input voltage range 

• Digital I/O 
Bit I/O Unit providing: 

o 32-bit input/output, configuration byte-wise 

Slave DSP Bit I/O-Unit providing: 

o 19-bit input/output, configuration bit-wise 

• CAN Support 
Slave MC fulfillina CAN Specifications 2.0 A and 2.0 B, and ISO/DIS 11898. 

• D/A Conversion 
DAC Unit providing: 

o 2 D/A converters with 4 channels each, 14-bit resolution ±10 V voltage 

range 
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• Incremental Encoder Interface 
Incremental Encoder Interface comprisinq: 

o 1 analog channel with 22/38-bit counter range, 

o 1 digital channel with 16/24/32-bit counter range, and 

o 5 digital channels with 24-bit counter range 

• Interrupt Control - Interrupt Handling. 

• Serial I/O 
Serial Interface providinq: 

o standard UART interface, alternatively RS-232 or RS-422 mode. 

• Timer Services 
Timer Services comprising: 

o 32-bit downcounter with interrupt function (Timer A), 

o 32-bit upcounter with pre-scaler and interrupt function 

o 32-bit downcounter with interrupt function (PPC built-in Decrementer) 

o 32/64-bit timebase register (PPC built-in Timebase Counter). 

• Timing I/O 
Slave DSP Timina I/Q Unit comprisinq: 

o 4 PWM outputs accessible for standard Slave DSP PWM Generation, 

o 3 X 2 PWM outputs accessible for Slave DSP PWM3 Generation and Slave 

DSP PWM-SV Generation, 

o 4 parallel channels accessible for Slave DSP Frequehcy Generation, and 

o 4 parallel channels accessible for Slave DSP Frequency Measurement 

(F2D) and Slave DSP PWM Analysis (PWM2D). 

BUPT



174 Chapter 6 THE EXPERIMENTAL TEST PLATFORM 

6.2.3. Position sensor 

The PMSM motor was equipped with an incremental encoder to prove the 
sensorless position estimation techniques. The encoder has 500 pulses-per-
revolution (ppr) and provides the real rotor position and speed (Fig. 6.5). 

Mechantoal Outiine 
.1012.54-ml̂  14PosMonDuilKowVto1lcal HMd«r 

Itl̂ ll 
• 

i4V|jyI ILilJ /n.S7lmA t 

Encod«rTop — .7t8 —̂  [1f>»n| 
(b) 

are: 

Fig. 6.5 Commutation encoder attached to the PMSM machines 

(a) Encoder 3D Model (b) Mechanical outiine 

The device was a RENCO encoder type RCM15. The features of this encoder 

o 2 data channels in quadrature 

o Once around index marker puise, 

o 3 commutation channels optically & electrically isolated. 

o RS-422 interface (data & comm.). 

o Seif aligning. Seif centering. Seif gapping. 

o Frequency response to 300 KHz. 

o Differential Index, commutation, and data channels. 

o PC Board connector for easy installation. 
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Fig. 6.6 Output configuration of the encoder 

In the same time it is important to have the encoder datasheet which has to 

spedfy the position of the encoder output pins. Knowing the pins position the 

encoder can be attached to the controller device. 
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Pin Function Color Codes 

1 CH A Yel 
3 CH A NOT Mht/Yel 
5 CH B Blu 
7 CH B NOT Wht/Blu 
9 INDEX Orn 
11 INDEX NOT Wht/Orn 
13 VCC Red 
14 GND Blk 

2 SI 6rn 
4 S2 Brn 
6 S3 Wht 
8 6ND2 
10 VCC2 
12 N/C 

ins terminations (Refer to Mechanical Outiine 

So the encoder provides differential RS442 signals (A+, A-, B+, B-, INDEX+, 
INDEX-) which can be directiy connected to the control system. The dSpace 
platform can be connected to the encoder in differential mode (see Fig. 6.8) or in 
single-ended TTL mode (see Fig. 6.9). 

This RENCO feature reduces the cost while improving the performance and 
reliability of the brushiess motor/encoder package. 

Any encoder shouid have at least three signals to be used in the control. This 
encoder has two data channels in quadrature and furthermore three Hali sensors as 
it can be seen in Fig. 6.6. So the device provides nine signals which can be used in 
the control. 
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Fig. 6.8 Encoder providing differential RS422 signals 
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Rg. 6.9 Encoder providing singleended TTL modes 
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Another important thing is to connect the encoder to the dSpace platform. 
The dSpace platform can work simultaneous with seven encoders (CP 32 ... CP 37 
and CP 39) corresponding to channels 1 to 7. 

Because the pin numbering of the Sub-D is not standardized the foilowing 
figure shows the incremental encoder interface connector. 

Connector (CP32 ... CP37, CP39) Pin Signal Pin ! Signal 

1 V C C ( + 5 V ) ! 

2 PHIO(x) ;9 VCC (+5 V) 

:10 GND 

o t - 9 

•15 

3 :PHIO(x) 

4 PHI90(x) 11 GND 

PHI90(x) 12 GND 

INDEX(x) 13 GND 

INDEX(x) 14 GND 

8 GND 15 :GND 

Fig. 6.10 dSpace incremental encoder interface connector 

The last step is to set the software so that to know the encoder channel 
number (1 to 7) and to know if the encoder provides singleended TTL modes or 
differential RS422 signals. 
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6.2.4. Interface system 

An interface board was designed in order to use the PWM outputs of the 
slave DSP unit for controlling the MOSFET drivers of the inverter. 

It contains 5 pieces SFH750 fiber optic emitters (3 SPWM+ 1 ENABLE 
PAUSE) and a SN74HCT541 non-inverting octal buffer to increase the DS1103 PWM 
signals current capability according to SFH750 optic fiber driver requirements (see 
Fig. 6.11). Additionally, series connected LED mounted on the front panel display 
the logic state of the optic fiber signals. 

Fig. 6.11 The interface system 
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6.3. Software 

The entire software was developed under Matlab 6.5 Simulink 
environment, compiled automatically using Microtec C compiler for Motorola Power 

PC and Texas Instruments C compiler and built/downioaded automatically in 

Control Desk Developer specialized interface software using the dSpace platform. 

6J.1. Matlab Simulink 

The Matlab 6.5 Simulink software is divided in: 

o measure and protection software where acquisition, software signal 

conditioning and software protection are made 

o control and estimation algorithms 

6,3.1.1. Measure and protection software 

The measure and protection is the first part of the developed software and 
has three main parts: 

o acquisition scaling and digital filtering of the signals 

o encoder interface 

o protection 

In the acquisition software the ADC channels are settled for acquiring the 

two currents in Fig. 6.12. The rotor currents are acquired on the 2 nonmultiplexed 

A/D channels with 12-bit resolution, 800 ns sampling time. 

The software has the facility to acquire multiplexed channels with 16-bit 

resolution, 4 ps sampling time. These are not used in the system. 

Afterwards the measured quantities are scaled taking into account the 

scaling factors of the sensors. Also the third current is here calculated from the 

other two measured. 
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ADC •>5 
. la_sensof 
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ADC 
Ib sensor 

DS1103ADC C20 

[Enable] ^ 

t b 

SET OFFSET 

Isabc 

\S3tC 

FIg. 6.12 Acquisition signals process 

It is important to set in the software the Input channel as it is in the dSpace 
terminal. 

In the encoder interface (Fig. 6.13) the position of the rotor and its speed 
are computed. This couid be obtined by counting the pulses coming on the 
dedicated hardware interface and knowing the encoder resolution (number of the 
pulses for one revolution) and the system sampling time. 

DS1103ENC SETUP t«ta ftncod<r 

Fig. 6.13 Blocks for incremental encoder 

In the software protection part, the entire inverter/motor protection is 

designed. 
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In the present case, two protections were implemented: the overcurrent 

protection and the overspeed protection (see Fig. 6 .14) . The implementation is done 

as foilows: the measured quantities are compared with the threshold values and the 

negated output of the comparators passed through an OR gate together with the 

ENABLE signal. Thus, the output is inhibited by any of the measured values 

exceeding its threshold value. 

Fig. 6.14 Overcurrent and overspeed protection implementation 

6,3.1.2. Control and estimation algorithms 

The software also includes a control algorithm which can be buiit taking 

account into the user rules. 

In the case of driving a motor, is very important to know how to choose the 

inverter. In our case, it is necessary that the three control signals (Overcurrent, 

START and PAUSE) have the right value in order to allow the proper command of 

the inverter. 

The algorithm uses the inputs (currents, voltages, position, speed etc.) and 

computes the appiied command voltages (Va,fa and Vt̂ eta)- The svmtmpi function 
(see APPENDIX) automatically provides the duty cycles Da, Db and Dc - the ton of 
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the transistor - from the command voltages. Then, these duty cycles are introduced 
in a dSpace special block which will provide the PWM command signals for the 
upside transistors (see Fig. 6.15). The inverter (in our case) is capable to 
automatically provide the PWM command signals for the downside transistors, 
taking into account the imposed dead time. 

Vdc 

^ăj fâbeâfc^ [Isabc] 
svmtmpi - H H D b 

DS1103SL DSP PWM3 

1 ^ Duty cycle a J ^ Duty cycle a 

Duty cycle b Duty cycle b 

1 — • Duty cycte c 

Fig. 6.15 Inverter pulses command 

6J.2. 'Xontrol Desk'' Developer specialized real time interface 
software 

When the soft is ready and it has no errors, it can be compiled in dSpace 
using the command BUILD. After the compilation, the soft is loaded in the interface 
called Control Desk (see Fig. 6.16). Now, this interface contains atl system 
parameters and ailows their visualization, acquisition and changing. 

Thus at first, the system starts having all its variables and constants loaded 
from the soft developed in Matlab Simulink, and latter, if it is desired, these 
variables and constants can be modified in real time from the Control Desk 
Developer. 
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Fig. 6.16 dSpace Control Desk environment 

6.4. From simulation to practicai implementation 

The simulation and the soft interacting with the hardware system are both 
developed in Matlab Simulink. Simulations implemented in dSpace are made in [8] 
to [19]. Thus, at first, a simulation can be developed and then it can be loaded in 
dSpace and used in practice by using specialized blocks (see Fig. 6.12, Fig. 6.13 and 
Fig. 6.15). 

Fig. 6.17 presents the vector control simulation with encoder. In this 
simulation a virtual motor with the same characteristics as the real one is used. 
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\>ctoi cond ol sensoiless SPMSM r X S E S O 
EKCOD® 

Spccd* [fpm] 

Fig. 6.17 Vector control simulation 

The systenn from Fig. 6.17 can be easily implennented in dSpace foilowing 
the next steps: 

o The virtual motor is replaced by a specialized function and a dedicated 

block (see Fig. 6.15). 

o The feedback from the virtual motor is replaced by the signals provided 

by the encoder mounted on the real motor shaft (see Fig. 6.13) 

o The simulation currents are replaced by the signals provided by the 

current sensors (see Fig. 6.12) 
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Fig. 6.18 Vector control simulation in Matlab Simulink 

It has to be noticed that all these signals are real and thus, they have no 

ideal values, fact that couid create some problems. It Is recommended to use 

integrators with trigger (as it is shown in Fig. 6.19) in order to avoid problems. 
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Fig. 6.19 PI implementation for dSpace system 
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6.5. The system tuning 

For the HSPMSM command all the sensors must be tuned so that the 
transmitted data to the dSpace platform to be accordingly to the actual data and to 
correspond in totality with the control strategy requirements. 

6.5.1. Current and voltage sensors tuning 

The current sensors (FIg. 6.11) used in system management are 50A 
sensors. Their tuning consists in observation of the connection between the actual 
current and their output voltage. Then they are introduced into the dSpace platform. 
In the case of this considered situation the constant for current sensors is K,e=51 in 
(6.1). This constant depends of the resistor attached to the sensor and his value is 
suggested for any sensor datasheet. 

( 6 1 ) 
^sensor 

So, the sensor delivers to the dSpace board a voltage value but this value 
represents in fact a current (in the case of a current sensor). 

6.5.2. Phase A Voltage Back Emf synchronization with incremental 
encoder 

If a position sensor in the motor management is required, it is extremely 
important that phase a voltage back emf (UfemfA) to be synchronized with the 
incremental encoder. 

But in the case of an encoder embedded with the motor this is not realized. 
Almost anytime there is a delay between the encoder and the voltage (Fig. 6.20). In 
order that the system operates in suitable conditions both. the encoder and the 
voltage UfemfA must reach O in the same time. 
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Fig. 6.20 Adding a constant value to the encoder angle 

As it can be seen, in this case the delay has a relatively large value. This 
couid be corrected by adding or extracting a constant angle from that delivered by 
the encoder. 

This value will never be the sanne. The explanation is: at the moment of 
system start up, whatever the encoder position wouid be, this position is considered 
to be the zero position; the real zero position is in fact the one in which the 
permanent magnet axis d is aligned with the stator axis a (see Fig. 6.21). 

• / / 

A / 

V /y A1 
/ 

iM \ l/\ 
/ V 

1 / \ : V. 
i 

•A' 
-l! 

i 

1 1 
/ / 

\ \ i 

V 
/ 

V 
/ / T 

r if 

o 001 00} 00? 001 00̂  OOb 00' OOK 009 003 003 OCM 00̂  006 00? 0« 00» 
iBDel.) 

(a) (b) 
Fig. 6.21 Phase A Voltage Back Emf (UfemfA) (blue line) 

and incremental encoder position (red line) 

before (a) and after (b) synchronization 
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6.5.3. Start up issues 

DSpace is a user friendiy software in which any simulatlon developed in 
Matlab Simulink can be easily implennented on a real-time system. Anyway some 
issues couid occur. These will be discussed below. We will next refer to the control 
of a three phase motor (see Fig. 6.1). 

6.5.3.1. Optica! fiber 

In the case study (see Fig. 6.1) the link between the dSpace system and the 
inverter is realized by the use of 5 optic fibers. At the end of these optic fibers there 
are the transmitters which convert the electrical information in light signal (SFH 
756) and at the other end of the optic fibers there are the receivers (SFH 551) 
which convert the light signal in electrical signal. 

When the optic fiber is incorrectiy cut (a special device for cutting is 
recommended to be used) the light signal couId be lost. 

Thus, before experimental tests start, it is important to verify the optical 
fibers with an oscilloscope: when a logical signal 1 is provided by dSpace to the 
transmitters SFH 756V, the same logical signal 1 (3.3 V) has to be received to the 
optic fiber end. This can be measured on SFH 551 pins. Otherwise, the optic fiber 
will be cut until the right signal will appear. 

6.5.3.2. The congruence between the current sensors and the motor phases 

In the case of a control that uses the feedback from the current sensors (i.e. 

vector control), it is crucial that the signals from the current sensors to be in 

accordance with motor phases. 

A necessary, but not sufficient condition, is to be sure that the sensor 

supposed to be on the phase a is truly on the motor phase a and the phase b sensor 

is on the phase b. 
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Fig. 6 .22 Voltage prescription and actual current in motor 

for tuning the current sensors 
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Fig. 6 .23 Voltage prescription and actual current in motor 

for tuning the current sensors when sensors are not correctiy calibrated 

To be sure of that, a littie test is recommended: 
The voltage vectors Vaifa > OV and \/beta= O V are appiled. This is equivalent 

to appiy the inverter pulses: Da>0.5 , Db=0.5 and Dc=0.5 . 

If the links are correctiy, when the inverter pulses are appiied, (see Fig. 
6.22a), the monitored currents Ia, h and Ic shouid appear as in Fig. 6.22b. Thus Ia 
shouid have a positive value and the other two currents shouid have negative equal 
values. Any other combination is not accepted (see for example Fig. 6.23). 

If the current waveforms do not appear as in Fig. 6.22, follow the next 
steps: 

Stepl 
Make sure that Dg corresponds to the phase a and the fiber optic links the 

dSpace with phase a inverter leg. Make the same checks for the other phases. If 
there is no problem go to the next step. 
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Step2 

Measure the real phase voltage value using a voltmeter. If the current phase 
has not the right value, then Da, Db and Dc are replaced with l-Dg, l~Dt) and l~Dc ~ 
these shouid be done due to the many existent inverter signals in the command 
board and in the inverter. If the current phase has the right value, then go to the 
next step. 

Step3 
Make sure that all motor phase wires pass correctiy through the current 

sensors. If so, go to the next step. If not, change the direction through the sensors. 

Step4 
Change the sign of the sensor gain in (6.1) . 

Notice that combinations of these errors couid occur. So, it is very important 

to resolve them step by step. 

6.5.3.3. Position sensor errors 

Another problem for the system is the position sensor device. First of all, it is 
important to know what kind of encoder will be used: single ended or differential. 
Forthis procedure, take in consideration Fig. 6.8 and Fig. 6.9. 

In Fig. 6.1a the system has attached a differential encoder but the dSpace 
platform is set to use oniy three signals like in Fig. 6.8. 

The encoder can be tested onIy when the system is working. For the test is 

important to rotate the machine with a scalar control. This encoder is worthless for 

the scalar control. Consequently, it will not be used. 
The dSpace blocks dedicated for the encoders and the entire computation is 

presented in Fig. 6.13. 
When the scalar control demands a positive speed on the Control Desk 

display shouid appear a positive speed according to the prescribed one. If this will 

not happened then: ^ 
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- change two motor phases, but make sure this changes to not affect 
the current sensors OR 

- modify the encoder dSpace links as foilows: link PHIO with phase b 
and PHI90 with phase a (crossover wires linking) (not reconnmended). 

Another possible problem regarding the encoder device is that this one couid 
be affected by mechanical vibrations or electromagnetic perturbations. 

6.6. Conclusion 

The experimental test platform used during the tests of state observers and 
sensorless control of a variable speed SPMSM system was presented in this chapter. 

The main appiication of this system is for high speed machines, but the 
platform is suitable to investigate the motion control of any kind of machine with or 
without encoder. 

AII the hardware components of the system were presented, discussed and 
analyzed. The software used for measurements and protections, signal conditioning, 
vector control, flux estimators and position-speed observation is explained. 

The software developed in Matlab Simulink and the interface ''Control Desk" 
Developer from the dSpace platform and the way these two interact was also 
presented. 

The tuning method for different kinds of sensors was described. 
The possible errors and some methods to avoid them were discussed. 
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Chapter 7 
Conclusion and contributions 

Due to the attractive efficiency, PMSMs are good candidates for pumps, 
micro-turbine started generation units, centrifugal compressors; grinding machines, 
textile machines, drill, dental drills, aerospace technologles drives. This thesis has 
been focused on control of PMSMs for such drives. 

In order to provide synchronization between machine excitation frequency 
and rotor frequency, the rotor position is essential during PMSM vector control. The 
direct approach to obtain the rotor position information is an encoder position 
sensor. Because of the cost and of the reduced reliability, a rotor mounted angular 
position sensor is not desirable especially at high speed. In this situation a 
sensorless control is needed. Two sensorless controls for high speed drives have 
been investigated in this thesis. 

Based on the results presented in the thesis, the main conclusions can be 
summarized as below. 

7.1. Mathematical model and control properties 

o For the SPMSM, the rotor d, q model is the most convenient since the 
vector control strategy is made in this reference franne. 

o The stator reference frame was used to develop estimators for SPMSM 
machine and also for the novei control strategy. 

o To understand the electrical machine behavior the machine equations, in 
both rotor and stator coordinate, are shortly presented in Chapter 2. 

7.2. Sensorless vector control 

o The vector control uses cascade control type, incorporating two inner 
current loops in rotor reference frame and an outer speed controller loop. 
The torque control is achieved by controlling the currents in d, q reference 
frame. The control system requires rotor position feedback in order to 
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perform self-synchronization. The basic PI controllers are sufficient for 
current and speed control in this system. 

o In order to achieve sensorless operation of the drive, the position and 
angle estimators are required. It is important to consider the type of the 
machine (SPMSM or IPMSM) in the estimator architecture. 

o The investigated rotor position estimator employs a phase-locked loop 
(PLL) state-estimator. It extracts the rotor position and speed estimations 
from the vector E . The estimator receives the measured stator currents 
{Ig, Ib), the reference voltages in stator coordinates {V^ ,Vp) and 
generates at the output both the rotor position and rotor speed ă)/̂ . 

o The voltage drop compensation of the inverter semiconductor devices is 

important in voltage amplitude especially at startup and low speed. 
o Almost the same tests were performed both by simulations and on motor 

presented in Chapter 6. 

7.3. Sensorless V/f control with two stabilizing loops 

o Two solutions are presented in Chapter 4. The first solution is based on 
maintaining constant power angle while the second one brings to zero the 
internai reactive power. Both solutions have two stabilizing loops which 
lead the system to speed oscillations compensation. Furthermore, the 
second solution provides fast dynamic speed response. 

o The stabilization of open loop V/f controlled PMSMs is achieved by using 
the two loops which provide voltage amplitude and angle corrections. To 
implement these stabilizing loops no position and d.c. link voltage sensors 
are required. In the system, these loops can also be seen as signals, which 
provide synchronization between the machine excitation and the rotor 
mechanical frequency. 

o With the proposed voltage control method, making zero the interior 
reactive power was the best solution for drive stabilization. No rotor angle 
position sensor has been used to implement the complete drive system 
and the performance has shown that the drive is suitable for fast response 
high speed appiications in Chapter 5. 
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o The sensorless control does not need the stator resistance value at all. The 
oniy necessary parameter to be known wlth approxinnation is the stator 
inductance. 

o It can be said that the control system operates efficient knowing onIy the 
approximated values of the machine paranneters. 

7.4. Comparison of control methods 

o The sensorless V/f control with two stabilizing loops calculatlon requires a 
shorter time compared wlth vector control strategy. This is due to the fact 
that the novei control system does not use rotor position, speed estimators 
and the Park transformatlons, in which the trigonometric functions sin and 
cos added a computation effort. That's why the overall calculation power 
required for implementation of the novei sensorless control method is less 
compared to the sensorless vector control method. 

o The overall performance of the sensorless V/f control with two stabilizing 
loops Is almost the same compared to the investigated sensorless vector 
control as It Is illustrated by simulation results in Chapter 4. 

o The novei V/f control starts from any rotor positlon without other 
suppiementary startup strategy. 

o The novei control system operates without a speed loop or current 
controllers for simplicity and robustness and does not use rotor position 
and speed estimators. 

o No d.c. voltage or speed sensors are required in all studied sensorless 
control systems. 

o The speed dynamics and steady state errors of novei control system, 
operating with approximated parameters values, are comparable with 
those of sensorless vector control which operates well with more exact 
parameters values. 

o Considering the implementation simplicity and the overall performance of 
the drive, in conclusion, It can be said that the proposed V/f control 
method Is a good alterative for vector control and couid be a solution for 
high speed drive system where fast dynamic response is a necessity. 
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7.5. Original contributions 

The main contributions in the thesis can be summarized as below: 

o Operation using the vector control with encoder has no problems because 
the encoder provides accurate rotor angle position and speed. Due to the 
very snriall time constant, estimating the rotor position and speed is quite a 
challenging process. The practicai testing of four rotor position and speed 
estimators for the high speed and fast dynamic sensorless vector control 
was performed in Chapter 2. The results from all estimators are compared 
with encoder sensor position. The estinnator that answers better in the 
requirements has been chosen in the practicai sensorless control presented 
in Chapter 3. 

o Simulation and practicai testing of the vector control with encoder and 
sensorless with selected estinnator were performed (Chapter 2 and 3) 

o A start-up procedure based on the automatically align of the motor in a 
known rotor position and voltage drop compensation of the inverter 
semiconductor devices was developed and implemented (Chapter 3). 

o Two novei V/f controls with stabilizing loops with significant improvements 
of classical V/f control were proposed (Chapter 4 and 5). 

o Development of one of this V/f control system performing as well as vector 
control system, but which has the advantage of less on line computation 
effort was developed, simulated and implemented in practice in Chapter 4 
and ChapterS. This novei control system does not need the exact values of 
the motor parameters in order to operate correctiy. The startup is 
performed without knowing the machine iniţial position as for the standard 
V/f control, but having the same general dynamics as vector control 
(Chapter 4 and 5). 

o The novei developed control does not need any position sensor and neither 
uses the rotor position and speed estimations. However, using this novei 
control, the prescribed speed is closely foilowed by the actual speed. The 
errors between the two speeds are similar to the ones obtained for the 
vector control (Chapter 5). 
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7-6. Future work 

Even through several topics have been addressed in the thesis, there are 
some other, which are interesting for future research. Some of those topics are 
summarized below: 

o Testing the motor at nominal speed and torque. This test couid be 
performed increasing the voltage magnitude of the inverter d.c. link. 

o Speed reversing at -i-/-20,000 rpm using the novei proposed control 
system, but also the sensorless vector control system. We mentlon that 
this test is the hardest test in which the motor can be tested. The first step 
was the performed speed reversal at la +/-10,000 rpm with the motor 
loaded at 80% of nominal torque (see Chapter 5). 
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Summary in Romanian 

Sumar 

Teza de faţă este dedicată controlului de înaltă performanţă al motoarelor 
sincrone cu magneţi permanenţi de mare viteza şi în mod particular al celor cu 
magneţi de suprafaţa. Lucrarea oferă câteva soluţii de control al acestor maşini şi 
prezintă mai în detaliu o comparaţie, în capitole separate, a celui mai performant 
control existent, cel vectorial, cu un control nou propus. 

Maşinile de mare viteza sunt răspândite în industrie ca: pompe, micro 
turbine, maşini din industria textilă, compresoare centrifugale, în domeniul 
stomatologic şi aerospaţial etc. 

Aceasta răspândire, de altfel din ce in ce mai mare, s-a datorat eficienţei 
ridicate fată de maşinile de inducţie. Astfel in ultimii ani s-a încercat pe de o parte 
înlocuirea (acolo unde era cazul si rentabil ca si cost) a unor maşini de inducţie cu 
maşini sincrone (şi aici ne referim la tot domeniul de viteze) iar pe de alta parte 
propunerea de acţionari noi care sa aibă la bază maşinile sincrone a început să fie 
din ce in ce mai des întâlnită. 

Totuşi impedimentul major al impunerii pe piaţă al acestor maşini a fost în 
primul rând preţul iar mai apoi controlul performant al acestora. Dat fiind faptul ca 
preţul magneţilor s-a ieftinit din ce in ce mai mult prin producţia de serie s-a ajuns 
la o accesibilitate a acestor maşini care foloseau asemenea materiale. în ceea ce 
priveşte controlul au fost de la început şi mai există probleme. 

Problemele controlului erau de mai multe feluri. Pe de o parte era necesar ca 
maşina condusă să nu iasă din sincronism în timpul conducerii ei. Acest lucru 
presupunea folosirea unui traductor de turaţie (encoder) care indică poziţia exactă a 
rotorului faţă de câmpul electric învârtitor creat în statorul maşinii. Controalele 
folosite au fost aceleaşi ca şi la maşina de inducţie cu unele mici modificări. Trebuie 
amintit aici controlul cel mai performant explicat în literatură şi folosit şi la maşinile 
de inducţie si anume cel vectorial. Astfel maşinile sincrone cărora li se ataşează un 
encoder pot funcţiona foarte bine conduse prin controlul vectorial. 

In Capitolele 2 si 3 se propune studiul controlului vectorial (atât în simulare 
cât si în implementare experimentală) cu şi fără encoder, punându-se în evidenţă 
problemele apărute şi soluţii la acestea. 
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în lucrarea de fată studiul s-a făcut pe o maşină cu magneţi permanenţi de 
suprafaţă (SPMSM) la viteza de 20,000 rpm si cu parametrii daţi in Capitolul 6 al 
tezei. Dificultăţile suplimentare întâmpinate s-au datorat şi faptului că maşina 
controlată era de mare viteza cu o constantă de timp de aproximativ 0.5 ms. Astfel 
au fost făcute simulări cu această maşină dar şi implementare experimentală pe un 
sistem de laborator. Provocarea majoră a fost atunci când s-a încercat conducerea 
fără senzor de mişcare (sensorless). Datorită faptului ca maşina are nevoie de 
poziţia exactă în fiecare moment a rotorului un estimator de mare precizie era 
necesar. Au fost testate patru estimatoare rapide de unghi si viteza pentru a fi 
implementate ulterior in controlul fără senzor de mişcare. S-a ajuns la concluzia ca 
estimatorul care avea la baza tensiunile induse din stator şi care ţine cont de regim 
dinamic al acestora era cel mai potrivit. S-au făcut experimente complexe cu 
estimatorul ales prezentate in Capitrul 2 (simulare) si Capitolul 3 (implementare 
practică). în ceea ce priveşte implementarea practică a fost necesară aflarea poziţiei 
exacte a rotorului dar şi compensarea tensiunii pierdută pe semiconductoarele din 
invertor pentru a avea o pornire corectă. Probleme mari au fost întâmpinate la 
reversare care pentru a putea fi realizată corect avea nevoie cu adevărat de o 
estimare a unghiului extrem de precisă. 

Date fiind problemele apărute la controlul vectorial, s-a considerat oportun a 
se studia si propune un nou control, ca o alternativa la cel prezentat şi existent în 
literatura de specialitate. 

Ideea de a propune şi introduce un control nou a venit de la problemele 
indicate în literatură apărute la motoarele de viteza mare relative la ciclul de calcul 
tot mai redus o dată cu creşterea vitezei dar si a problemelor legate de estimatorul 
de unghi si poziţie. 

în Capitole 4 si 5 este prezentat noul control care are la baza controlul 
simplu cunoscut in literatura sub denumirea V/f standard numit şi controlul scalar. 
Acestui control standard, extrem de simplu, i se ataşează doua bucle de corecţie a 
amplitudinii si unghiului vectorului de tensiune prescris. 

în Capitolul 4, care tratează simulările, sunt propuse doua controale. în 
primul caz este tratat controlul unei maşini de viteza foarte mare (80000 rpm) care 
ţine constant unghiul dintre vectorul fluxului statoric al maşinii (estimat) si vectorul 
curentului (calculat). Acest unghi este de dorit a fi mai mare de 60° pentru a 
garanta un factor de putere de 0.86. Acest control a redus oscilaţiile de vitez^ 
existentele la controlul scalar îmbunătăţit şi randamentul maşinii dar nu şi-a propus 
dinamicii mari ca şi la controlul vectorial. Al doilea control simulat avea la bază tot 
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controlul standard V/f introducând două bucle de stabilizare. Controlul ţine 
constantă puterea reactivă interna a nnaşinii lucru echivalent cu a conduce maşina, 
la un cuplu de încărcare dat, cu un curent minim deci randament maxim. Simulările 
s-au făcut cu o maşina de 20000 rpm si s-au remarcat prin rezultate excelente. 
Astfel nu numai ca s-a îmbunătăţit stabilitatea maşinii şi randamentul dar s-a 
remarcat şi prin faptul ca maşina a putut fi accelerata si decelerată în timpi 
comparativi cu cei obţinuţi la controlul vectorial. Mai mult maşina porneşte din orice 
poziţie. Mai trebuie menţionat faptul că ambele controale nu folosesc unghiul 
rotorului şi viteza acestuia deloc în reglaj. Maşina funcţionează fără a treia buclă, de 
turaţie, existentă la controlul vectorial dar nici nu foloseşte transformata Park deci, 
ambele controale, sunt mai rapide prin prisma calculelor făcute. 

Ulterior controlul care monitorizează şi ţine constantă puterea reactivă 
internă este implementat pe un stand din laborator cu un motor existent de 0.4 Nm 
si 20000 rpm. Rezultatele experimentale obţinute au confirmat simulările şi au scos 
în evidenţă faptul ca noul control poate conduce la fel de bine maşina ca şi controlul 
vectorial deşi nu foloseşte transformata Park, nu are nici un estimator de poziţie sau 
unghi dar nici encoder folosind (numai cu aproximaţie) valoarea inductanţei maşinii 
şi curenţii. 

Sistemul experimental în ansamblu dar si unele probleme apărute in timpul 
punerii în funcţiune dar si rezolvarea acestora sunt prezentate intr-un capitol 
separat. 

Organizarea tezei 

Teza este organizată in şapte capitole după cum urmează: 

în primul capitol este prezentată o viziune de ansamblu asupra maşinilor 
actuale cu magneţi permanent si controlul acestora. Este făcută o clasificare a 
domeniilor în care se folosesc maşinile sincrone şi sunt date câteva exemple. 
Avantajele folosirii maşinilor sincrone în comparaţie cu maşinile de inducţie sunt 
puse în evidenţă. Sunt date detalii in ceea ce priveşte controlul lor si dificultăţile 
care apar atunci când acestea sunt conduse la viteza mare. 

în capitolul doi este prşzentat un model de simulare dezvoltat pentru analiza 
controlului unei maşini sincrone cu magneţi permanenţi de viteza mare condusa cu 
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ajutorul controlului vectorial. Tot aici sunt prezentate şi patru estimatoare de unghi 
si viteză necesare in controlul vectorial fără senzor de poziţie. 

în capitolul trei sunt prezentate rezultate experimentale detaliate obţinute cu 
motorul si controlul simulat la capitolul precedent. Controlul vectorial a fost făcut cu 
estimatorul care se bazează pe tensiunea indusa obţinută in regim dinamic, ales din 
cele patru estimatoare prezentate si simulate la capitolul precedent considerat a fi 
cel mai bun în regim dinamic cu timpul de răspuns rapid. Importanţa căderii de 
tensiune pe elementele semiconductoare ale invertorului a fost demonstrată în 
special la pornire şi s-a utilizat o compensare a acestei căderi de tensiune bazate pe 
poziţia vectorului curent. 

în capitolul patru este prezentată simularea a două controale propuse în 
conducerea maşinilor de mare viteză. Unul din controale se bazează pe menţinerea 
unui factor de putere constant prin monitorizarea unghiului dintre vectorul 
curentului si a fluxului total statoric. A doua metoda monitorizează încontinuu 
puterea reactivă internă ţinând-o la zero. Acest lucru este echivalent cu a funcţiona 
la un cuplu de încărcare dat cu un curent minim deci cu randament maxim. 

Controlul propus se bazează pe controlul scalar V/f care este îmbunătăţit prin 
adăugarea a doua bucle. Aceste bucle acţionează asupra amplitudinii şi fazei 
vectorului de tensiune prescris al maşinii. Efectul introducerii acestor bucle se 
regăseşte în stabilizarea oscilaţiilor maşinii dar si in dinamica acesteia. Practic 
controlul scalar este îmbunătăţit în aşa măsură încât performantele obţinute pot 
concura performantul sistem vectorial studiat si prezentat în capitolele precedente. 

în capitolul cinci sunt prezentate rezultate experimentale ale controlului nou 
propus care s-a axat pe reglajul puterii reactive interne. Acestea confirmă simulările 
făcute in capitolul precedent. In acelaşi timp sunt scoase încă o data in evidentă 
asemănările cu controlul vectorial implementat in capitolul trei. 

în capitolul şase este prezentat în detaliu standul experimental cu motor, 
invertor, dar şi sistemul de dezvoltare pentru aplicaţii în timp real cu software şi 
echipamentul de control. Tot in acest capitol s-a considerat util a se face o mică 
prezentare a problemelor care pot apărea la punerea in funcţiune, pentru prima 
data, a sistemului de control al unui motor trifazat. Pe acest stand experimental pot 
fi testate mai multe tipuri de motoare şi implementate rhai multe strategii de 
control. 

Capitolul şapte, este rezervat concluziilor finale si contribuţiilor tezei. 
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Contribuţiile tezei 

Principalele contribuţii ale tezei sunt punctate mai jos: 

o Controlul vectorial cu encoder nu are problenne in ceea ce priveşte pornirea 
sau răspunsul in cuplu pentru ca encoderul furnizează precis atât unghiul 
cât si poziţia. Dat fiind faptul ca motorul testat are constantă de timp 
foarte mică apar dificultăţi la estimarea poziţiei sau a vitezei rotorice. 
Simularea a patru estimatoare de unghi si viteza cu dinamică rapidă 
necesare pentru controlul vectorial de mare viteza si compararea cu 
traductorul de poziţie considerat ca martor s-a făcut in Capitolul 2. 
Estimatorul care a răspuns cel mai bine cerinţelor a fost ales si îmbunătăţit 
pentru conducerea practică fără senzor de poziţie a motorului in Capitolul 3 

o S-a simulat si implementat practic control vectorial cu encoder si 
sensorless cu ajutorul celui mai bun estimator (Capitolul 2 si 3) 

o Implementarea unei proceduri de start prin compensarea tensiunii si 
alinierea automată a motorului intr-o poziţie cunoscută utilă la pornirea 
controlului vectorial fără senzor de mişcare (Capitolul 3). 

o Propunerea a două noi metode sensorless de tip V/f cu bucle stabilizatoare 
diferite care îmbunătăţesc evident controlul clasic V/f (Capitolul 4 si 5) 

o Dezvoltarea uneia dintre metodele studiate ajungând sa aibă performante 
relativ asemănătoare cu cele ale controlului vectorial dar care are nevoie 
de mai putina putere de calcul a fost simulat si implementat practic in 
Capitolul 4 si 5. Sistemul nu are nevoie de parametrii exacţi ai maşinii 
pentru a funcţiona corect. Pornirea se face fără a fi nevoie de poziţia 
iniţială ca si in cazul controlului standard V/f, având insa aceeaşi dinamica 
cu cea a controlului vectorial (Capitolul 4 si 5). 

o Sistemul nou dezvoltat nu are nevoie de senzor de poziţie dar nici nu 
foloseşte deloc in control poziţia si viteza estimată pentru că nu are nevoie 
de acestea. Totuşi controlul face ca viteza prescrisă să fie urmărită 
îndeaproape cu erori asemănătoare cu cele obţinute la controlul vectorial 
(Capitolul 5). 
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APPENDIX 

The used Space Vector Modulation (SVM) program (s-function implemented 

in MATLAB ® /Simulink) - created by Assist. Prof. Dr. Cristian Lascu. 

Symbols 

^̂ svmtmpLc '' file 

*Space Vector Modulation S-Function Template 
* Proiect: PMSM Sensorless DTC drive 
* Autor: Cristian Lascu, 2004 
* Continut: Space Vector Modulation S-Function template for Simulink * 
*Input: Vdc, Ualfa, Ubeta 
*Output: Da, Db, Dc 

#define S_FUNCnON_NAME svmtmpi 
#define S_FUNCTION_LEVEL 2 
#include "simstruc.h" 
#include "svm.c" 

static void mdlInitializeSizes(SimStruct *S) 
{ 

ssSetNumSFcnParams(S, 1); /* Number of expected parameters */ 
if (ssGetNumSFcnParams(S) != ssGetSFcnParamsCount(S)) { 
/* Return if number of expected != number of actual parameters */ 
return; 
} 

ssSetNumContStates(S, 0); 
ssSetNumDiscStates(S, 0); 

if (!ssSetNumInputPorts(S, 2)) return; 
ssSetInputPortWidth(S, O, 3); 
ssSetInputPortDirectFeedThrough(S, O, 1); 
ssSetInputPortWidth(S, 1, 3); 
ssSetInputPortDirectFeedThrough(S, 1, 1); 
if (!ssSetNumOutputPorts(S, 2)) return; 
ssSetOutputPortWidth(S, O, 3); 
ssSetOutputPortWidth(S, 1, 2); 
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ssSetNumSampleTimes(S, 1); 

/* Take care when specifying exception free code - see sfuntmpl.doc */ 
ssSetOptions(S, SS_OPTION_EXCEPTION_FREE_CODE); 
//ssSetOptions(S, 0) ; 
} 

static void mdlInitializeSampleTimes(SimStruct *S ) 
{ 

//ssSetSannpleTinne(S, O, CONTINUOUS_SAMPLE_TIME); 
ssSetSampleTime(S, O, INHERITED_SAMPLE_TIME); 
ssSetOffsetTime(S, O, 0 .0) ; 

static void nndlOutputs(SimStruct *S , int_T tid) 
{ 

InputRealPtrsType uPtr = ssGetInputPortRealSignalPtrs(S,0); 
InputRealPtrsType iPtr = ssGetInputPortRealSignalPtrs(S,l); 
real_T *d = ssGetOutputPortRealSignal(S,0); 
real_T *y = ssGetOutputPortRealSignal(S,l); 
reaLT *k = mxGetPr(ssGetSFcnParam(S,0)); 
reaLT u[3] , i [3] ; 
u[0]=*uPtr[0]; 
u [ l ]=*uPt r [ l ] ; 
u[2] = *uPtr[2]; 
i[0]=*iPtr[0]; 
i [ l ] = * iPtr [ l ] ; 
i[2] = *iPtr[2]; 
SVM(u,i,d,y,k); 

static void mdlTerminate(SimStruct * S ) { 
} 

#ifdef MATLAB_MEX_FILE /* Is this file being compiled as a MEX-file * ! 
#include "simulink.c" / * MEX-file interface mechanism */ 
#else 
#include "cg_sfun.h" / * Code generation registration function */ 
#endif 

'svm.c " file 
j 

*Space Vector Modulatlon 
^Proiect: PMSM Sensorless DTC drive 
*Autor: Cristian Lascu, 2004 
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*Continut: Space Vector Modulation 
*Input: Us.alfa, Us.beta, Vdc 
*Output: Da, Db, Dc 

#include <math.h> 
#include "vector.h" 

#define R3 1.732051 
#define Dmax 0.98 
#define Dmin 0.02 

// Space Vector Modulation 

void SVM(reaLT *u, reaLT *i, real .T *d, reaLT *y, reaLT *k) 
{ 

struct Vector{reaLT alfa,beta;} Us; 
reaLT K=(*k)*tdead/h; 
reaLT Umax=R3/utO]; 
reaLT Da,Db,Dc; 
reaLT T1,T2; 
int sector; 

Us.alfa = R3*Umax*u[ l ] ; //normalizare - Hoitz 
Us.beta = Umax*u[2]; 

// Sectorul tensiunii si timpii de modulare 
if (Us.beta>0) 
if (Us.alfa>Us.beta) 

{ 

sector=0; 
Tl=0.5*(Us.alfa-Us.beta); 
T2=Us.beta; 

> 
else if (-Us.alfa<Us.beta) 
{ 

sector=l; 
Tl=0.5*(Us.alfa+Us.beta); 
T2=0.5*(Us.beta-Us.alfa); 

} 
else 
{ 
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sector=2; 
Tl=Us.beta; 
T2=-0.5*(Us.alfa+Us.beta); 

} 
else if (Us.alfa<Us.beta) 

{ 

sector=3; 
Tl=0.5*(Us.beta-Us.alfa) ; 
T2=-Us.beta; 

} 
else if (-Us.alfa>Us.beta) 
{ 

sector=4; 
Tl=-0.5*(Us.alfa+Us.beta); 
T2=0.5*(Us.alfa-Us.beta); 

> 
else 

{ 
sector=5; 
Tl=-Us.beta; 
T2=0.5*(Us.alfa+Us.beta); 

} 

// Supramodularea Hoitz 
if ( T l>1 .0 ) T1 = 1.0,T2=0.0; //bang-bang 
else if (T2>1.0) T2=1.0,T1=0.0; //bang-bang 
else if (T l+T2>1.0) if (T1>T2) T2=1.0-T1; else T1 = 1.0-T2;//OVM 

//Factorii de umplere - SVM 
switch (sector) { 
case 0: Da=0.5*(1 .0+Tl+T2) ; 

Db=0.5*(1.0-Tl+T2) ; 
Dc=0.5*(1.0-Tl-T2) ; 
break; 

case 1: Da=0.5*(1 .0+Tl-T2) ; 
Db=0.5*(1.0+Tl+T2) ; 
Dc=0.5*(1.0-Tl-T2) ; 
break; 

case 2: Da=0.5*(1.0-Tl-T2) ; 
Db=0.5*(1.0+Tl+T2) ; 
Dc=0.5*(1.0-Tl+T2) ; 
break; 

case 3: Da=0.5*(1.0-Tl-T2) ; 
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Db=0.5*(1.0+Tl-T2); 
Dc=0.5*(1.0+Tl+T2); 
break; 

case 4: Da=0.5*(1.0-Tl+T2); 
Db=0.5*(1.0-Tl-T2); 
Dc=0.5*(1.0+Tl+T2); 
break; 

case 5: Da=0.5*(1.0+Tl+T2); 
Db=0.5*(1.0-Tl-T2); 
Dc=0.5*(1.0+Tl-T2); 
break; 

default: 
Da=0.0;Db=0.0;Dc=0.0; 

} 

// Stator voltage 
y[0] = u[0]*(2.0*Da-Db-Dc)/3.0; 
y [ l ] = u[0]*(Db-Dc)/R3; 

// Dead-time compensation 
Da = Da + K*sat(i[0],zone); 
Db = Db + K*sat( i[ l ] ,zone); 
Dc = Dc + K*sat(i[2],zone); 

// Puise drop 
if (Da>Dmax) Da=1.0; else if (Da<Dmin) Da=0.0; 
if (Db>Dmax) Db=1.0; else if (Db<Dmln) Db=0.0; 
if (DoDmax ) Dc=1.0; else if (Dc<Dmin) Dc=0.0; 

// Duty cycles 
d[0] = Da; 
d [ l ] = Db; 
d[2] = Dc; 

} 
"vector.h " file 

•Global Variables and Constant Definitions 
* Proiect: PMSM Sensorless DTC drive 
* Autor: Cristian Lascu, 2004 
* Continut: Global Variables and Constant Definitions 

#ifndef VECTOR 
#define VECTOR 
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// Sampling time 

const reaLT h=0.0002; // [s] 

// SVM parameters 
const reaLT tdead = 2e-6; // dead time [s] 
const reaLT zone = 1.0; // linear zone [A] 
// Constante matematice 
const reaLT pi=3.1415926; 

// Saturation function 
real_T sat(reaLT x, real_T z) 
{ 

if (x>z) return 1.0; 
else if (x<-z) return -1.0; 
else return x/z; 

} 

#endif 
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