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Electric motors driven by adjustable-frequency converters may produce periodic excitation
forces that can cause torque and speed ripple. Interaction with the driven mechanical system
may cause undesirable vibrations that affect the system performance and lifetime. Direct drives
in sensitive applications, such as elevators or paper machines, emphasize the importance of

smooth torque production.

This thesis analyses the non-idealities of frequency converters that produce speed and torque
ripple in electric drives. The origin of low order harmonics in speed and torque is examined. It
is shown how different current measurement error types affect the torque. As the application
environment, direct torque control (DTC) method is applied to permanent magnet synchronous
machines (PMSM).

A simulation model to analyse the effect of the frequency converter non-idealities on the per-
formance of the electric drives is created. The model enables to identify potentia problems
causing torque vibrations and possibly damaging oscillations in electrically driven machine
systems. The model is capable of coupling with separate simulation software of complex me-
chanical loads. Furthermore, the simulation model of the frequency converter’s control algo-

rithm can be applied to control areal frequency converter.

A commercial frequency converter with standard software, a permanent magnet axia flux syn-
chronous motor and a DC motor as the load are used to detect the effect of current measurement

errors on load torque.



A method to reduce the speed and torque ripple by compensating the current measurement er-
rorsisintroduced. The method is based on analysing the amplitude of a selected harmonic com-
ponent of speed as a function of time and selecting a suitable compensation aternative for the
current error. The speed can be either measured or estimated, so the compensation method is

applicable also for speed sensorless drives.

The proposed compensation method is tested with a laboratory drive, which consists of com-
mercial frequency converter hardware with self-made software and a prototype PMSM. The
speed and torque ripple of the test drive are reduced by applying the compensation method. In
addition to the direct torque controlled PMSM drives, the compensation method can also be

applied to other motor types and control methods.

Keywords: torque ripple, speed ripple, direct torque control, PMSM, current measurement error.
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1 INTRODUCTION

Traditionally, torsional vibration problems have arisen in application categories where either the
driven load imposes periodic or impulsive loading into the rotating system or the driving motor
produces periodic or impulsive forces into the rotating system (Sheppard 1988). The develop-
ment of adjustable-frequency drives has created another potential for torsional vibration prob-
lem. Motors driven by adjustable-frequency drives may produce periodic excitation forces that

can cause excessive torsional vibration.

Inverter drives bring their own characteristics to mechanical systems. Feedback |oop and semi-
conductor control create additional excitations, which are transformed through the electric ac-
tuator to the mechanical system. These combined with possible mechanical resonances may
cause acoustic noise and vibration problems and thus impair the usability and the lifetime of the
equipment. For example, inverters feed amost al motor drives in new paper machines, eleva-
tors and cranes. Direct drives in sensitive applications, such as elevators or paper machines,
emphasize the importance of smooth torque production. In high-grade elevators the demand for
low torque ripple may even be as low as 0.5 % of the rated torque, when the motor is consid-
ered.

In this thesis the main attention on torque harmonics is on the harmonic components appearing
at low freguencies. These harmonics can be harmful if their frequencies lie at natural frequen-
cies of the mechanical system consisting of a motor, a shaft, couplings and load. Because of the

high inertia of the load, high frequencies are assumed negligible.

The aim of thisthesisisto study and clarify the torsional vibrations caused by a frequency con-
verter in electrically driven machine systems. Being a part of alarger project - divided into sev-
era parts, this work has its main focus on the inverter part of the system, whereas a minor em-
phasisis put on the motor and the mechanical load. Previously, the vibration model of the motor
part has been published in (Kurronen 2003).

The significance of the different vibration sources of the frequency converter on the entire sys-
tem is to be found. Another goa is to find possible compensation methods for the vibrations

caused by the frequency converter. From the industrial point of view, during the project, the
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interest was to find reasons for the first ten harmonics of torque empirically observed in indus-

trial applications.

Simulation is an effective tool in the design and troubleshooting of electrically driven machine
systems. The simulations enable one to identify potential problems that cause torque vibrations
and possibly damaging oscillations in electrically driven machine systems. Another benefit is
that the reasons for existing vibrations in such multidisciplinary system can be found by simu-

lating the system with different non-idealities of the system parts.

The main objective in the simulation part of this work is to propose a simulation model of the
electric drive that uses existing software on the market, is simple, computationally fast, easily
configurable, reasonably accurate and allows investigation with wide variation of system pa
rameters. In this work, initially, a simulation model of the frequency converter was devel oped
to be coupled with simulation software of the mechanical load. The simulation model of the
frequency converter takes into account some non-idealities of the frequency converter and the
interaction of these with the load is studied. Furthermore, the simulation model of the frequency

converter control was applied to areal frequency converter.

Experimentally, two setups were used to verify the effects of different vibration sources. Firstly,
a commercia frequency converter with standard software, a permanent magnet axia flux syn-
chronous motor and a DC motor as the load were used to research the effect of current meas-
urement errors on load torque. Secondly, the feasibility of a proposed stator current measure-
ment error compensation method was verified experimentally with the second setup consisting
of another commercia frequency converter with self-made control algorithm, a permanent

magnet synchronous motor and a DC motor as the load.

1.1 Importance of smooth torque and speed production

Smooth or rippleless torque and speed are important factors in many different applications of
electrically driven machine systems. The harmful effects of torsional vibrations can be classi-
fied as: 1) excessive wear and even damage to the system, 2) interruption of production, 3) re-

duction of the process quality and 4) increased acoustic hoise.
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Torsiona excitations are required to produce damaging oscillations. These excitations may be
of an impulsive or periodic nature and may occur on a transient or steady state operation. The
amount of component damage is cumulative with each oscillation or stress cycle (Sheppard
1988). Torsion analysis is recommended for adjustable speed electrical power drive systems,
especialy in cases where risk of resonance exists between the inertia of the motor and the iner-
tia of the driven equipment. If, for example, within the electromagnetic torque (air gap torque)
of a motor, any frequency components below 100 Hz can be expected to exceed 1 % of the
nominal torque in a steady state or during start-up, the risk of resonance is significant. (IEC
61800-4:2002.)

In some industrial applications, such as the rolling mill drive systems, the mechanical part of
the drive has a very low natural resonance frequency because of the large roll inertia and the
long shaft. The shaft length may be over 10 m in some large systems including the gearbox and
the spindle. The motor speed and the load speed can be very different in atransient state, which
is often initiated by an abrupt change of the reference and/or the load. Due to the speed differ-
ence the shaft is excited in a torsional vibration with the shaft carrying high peak torque. Con-
tinuously varying stresses in the shaft can cause fatigue phenomena of the shaft material, which
may result in a disastrous accident. This torsional vibration has a negative influence on the qual-
ity of the rolled material and the stability of the drive system (Ji 1995). In machine tool applica
tions torque ripple leaves visible patterns in high-precision machined surfaces (Holtz 1996). In
air handling units torsional resonance may cause fatigue failures of wheel-shaft-rotor assem-
blies (Zeng 2001).

In servo drives the accuracy and repeatability of the position servo performance is deteriorated
due to torque vibrations. In applications, such as the position control of a robot and the speed
control of a conveyor belt, torque pulsations are highly undesirable and must be eliminated.
Since the direct drive motor without a reduction gear has to operate at low speeds, the effect of
torque pulsation becomes particularly undesirable. (Cho 1994.)

In paper machines continuous production and the quality of the paper are important factors.
This requires accurate speed control. One manufacturer guarantees that for induction machines
the static speed accuracy is better than + 0.01 % of the maximum speed, when a tachometer is
used. Without the tachometer, the guaranteed static speed accuracy is 10 % of the dlip, which
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typically corresponds to + 0.1 % of the maximum speed of a medium-sized motor. A typical
dynamic accuracy is + 0.1 % of the maximum speed with some specified restrictions on the
supply voltage and frequency fluctuation, load torque, resonance frequency and load inertia.
(Tiainen 2003.) According to |EC 61800-4 standard the deviation band under steady state con-
ditions can not be used to specify items which are not related with the steady state control per-
formance (for example torque pulsation or the speed ripple caused by load torque or motor
torque pulsation) (IEC 61800-4:2002).

From the end user’s point of view, rippleless torque and speed can be seen as quality factors.
For example, in elevators, a vibration-free elevator is sensed as riding comfort. The vertical
vibration of alift car is an important topic, because the riding comfort of passenger mainly de-
pends on it. In addition to the elevator mechanical part, the driving motor acts as the vibration
source of the lift car. Voltage and current harmonics in the motor supply produce the torque
ripple of the motor torque. If the elevator mechanical system has a low resonant frequency and
the motor speed control has a low bandwidth for passenger comfort, this phenomenon is more
serious (Choi 2000). The elimination of the motor torque ripple is essentia for the riding qual-
ity. The vibration of the lift car is also a source of acoustic noise. As with the elevators, quiet-

ness and smoothness are required also for propulsion and vehicle motors.

1.2  Permanent magnet motorsin different applications

Permanent magnet synchronous motors (PMSM) offer efficiency advantages over induction
machines when employed in variable speed drives. Since much of the excitation in the PMSM
is provided by the magnets, the PMSM will have smaller losses associated with the magnetizing
component of the stator current. The stator current may be almost purely torque producing in a
PMSM drive while in an induction machine drive there is aways a large magnetisation current
present. Due to the synchronous operation of the PMSM, rotor losses are greatly reduced. The
application of the PMSMs for low speed operation in direct drives is an economic aternative
for the induction motors with gearboxes. Since the speed of the direct drive PMSMs is lower
than the speed of the induction motors with the gearboxes, the risk of torque harmonics appear-

ing at the mechanical resonancesisincreased in the speed range of normal operation.
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Permanent magnet motors have been used for decades in low-power applications such as servo
drives and domestic appliances. Recently, the PMSM drives have been developed further and
are used in industrial applications requiring high torque at low speed. PMSM drives are replac-
ing standard induction motors with gearboxes in, for example, paper industry. From the indus-
trial point of view, the driving forces of technological development in electrical machines suit
well for the permanent magnet motors. Increasing demand for wind power generators, special
motors for marine, traction and offshore has created new growing markets for electrical ma-
chines. In these applications permanent magnet motors can offer alot of advantages in compari-
son with conventional motors. Permanent magnet motors respond well to future customer val-
ues (environmental values, performance and operationa values, new applications), because of

their high efficiency, high power density, reliability, new materials etc. (Waltzer 2002.)

The permanent magnets are made of neodymium iron boron (NdFeB). Standard induction mo-
tors, designed to run at 750-3000 rpm, are not particularly well suited for low speed operation.
Normally gearboxes are used to reduce the speed from, for example, 1500 rpm to 600 rpm, asin
Fig. 1.1 a). A gearbox takes up space and needs maintenance as well as considerable quantities
of ail. Eliminating the gearbox saves space and installation costs, as only one piece of founda-
tion for the driving machinery is needed, Fig. 1.1 b). The length and weight of the drive can be
reduced from 3500mm/2500 kg to 1040 mm/860 kg. (Ikaheimo 2002.)
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a)
Driven roll(s) 600 rpm 1500 rpm
Jackshaft Reducer
— -—--_ e I ——
- Encoder
\ T 315mm
|
I 1200 mm/ 925 kg
3500 mm/ 2500 kg
(typical section arrangement)
b) 600 rpm 600 rpm

Drivenroll(s)

Figure 1.1 Theinterface of motor and driven roll. a) Conventional drive and b) gearless PMSM drive
(Waltzer 2002).

Another advantage with eliminating gearboxes is the improved efficiency of the drive. Gear-
boxes usually have a rated efficiency. The power out of a gearbox is not equal to the power put
into it. Considering that power is made up of speed by torque, one of the two must lost. With
the meshing of the gears it is not possible to lose speed, so the efficiency rating of a gearbox
relates to torque. Dynamic friction causes loss of torque while gears are turning and static fric-
tion causes loss of torque at al times. The inertia of gears causes loss of some torque during
acceleration. With gearboxes some position may be lost if there exists backlash in the gears,
that is, the gears do not mesh perfectly. Friction and backlash between gears may vary, if there

isany eccentricity between the gears, which can also lead to vibration problems.

In addition to the above-mentioned permanent magnet synchronous radial motor, another type
of permanent magnet motor is well replacing conventional motor drives. Axial flux permanent
magnet synchronous motors (AFPMSM) are used in applications where only small space is
available for the motor, such as in elevators. Again, a gearless AFPMSM drive of 95 rpm re-

places a conventional solution using a 1500-rpm induction motor.
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1.3  Deéfinition of torqueripple

The basic task of an electric motor is to generate the torque needed to accelerate and drive a
load over a specific range of speed. In steady state, the appropriate torque needed to keep the
motor running at constant speed is called the average torque. However, due to the non-idealities
of the electric motor, supply current and mechanical load, this torque may contain harmonics.
When a PMSM s rotating at a given speed, torque components superimposed on the average
torque are called torque ripple. Various methods to define the size of torque ripple are presented

in (Cai 2000). The normalized instantaneous torque ripple Tiipye is defined here as

T()-Tay

Tripple = T )

(1.2)

where T(t) is the instantaneous torque, T, is the average torque and T is the rated torque. Tor-
sional vibration is the periodic speed oscillation of the rotating system components. The speed
oscillation may be defined by the normalized speed ripple, which is defined in the similar way
asthetorqueripple as

o(t) — oy

Dripple = T on (1.2)
R

wherea(t) is the instantaneous speed, @, isthe average speed and ax is the rated speed.

1.4  Generation of torqueripple dueto the components of an electric drive—a review

The origins of the torque ripple in electricaly driven machine systems can be separated into
three components: motor, frequency converter and mechanical load. These three components
are reviewed briefly in this chapter as an introduction to the vibration sources in electrically
driven machine systems. An in-depth analysis of the frequency converter as a vibration source

followsin the later chapters, starting from the chapter 2.

141 Motor (PMSM)

In permanent magnet motors a torque ripple may be present, causing negative effects such as

vibrations, noise, positioning errors and non-uniform movement at low speed. Careful design of
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the permanent magnets, rotor and stator magnetic circuit geometry is needed, but still it is diffi-
cult to reach absolutely ripple-less torque. Sophisticated motor design typically produces torque
ripple in the range of 0.5 % of the rated torque in permanent magnet machines with small num-
ber of dots per pole and phase (Kurronen 2003). Contributions to the torque ripple are briefly
discussed in the following.

Mutual torque
Mutual torgque includes the main torque and the harmonic torques, which are produced by inter-
actions between the PM field and the armature fields due to phase currents (Cai 2000). Thisis

the dominant torque production mechanism in most permanent magnet synchronous motors.

Reluctance torque

The interaction of the current magnetomotive forces with the angular variation in the rotor
magnetic reluctance results in reluctance torque (Jahns 1996). The reluctance torque is pro-
duced by the self-inductance variation of the phase windings when the magnetic circuits of di-
rect- and quadrature axes are unbalanced. This is inherent for salient pole rotors or interior
mounting magnets (Cai 2000). PMSMs with surface magnets generate almost no reluctance

torque.

Cogging torque

The rotor has the tendency to align with the stator at positions where the permeance of the mag-
netic circuit is locally maximized (Borghi 1998). The interaction of the rotor magnetic flux and
angular variation in the stator magnetic reluctance generate pulsating torque components. Stator
excitation is not involved in cogging torque production (Jahns 1996). Cogging may not be to-
tally eliminated in machines using stator slots. Slot-less machines need air-gap windings and the
magnetic air-gap becomes long causing low air-gap flux density and may thus usually be used

only in high-speed machines.

Residual torque pulsations occur at a slot harmonic frequency

fy =aNg , (1.3

which increases as the mechanical speed wincreases. Ny isthe number of dots. (Holtz 1996.)
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Rotor eccentricity
Rotor eccentricity is always present and creates some adverse phenomena — such as circulating
currents in the rotor. In permanent magnet synchronous machines, however, the rotor eccentric-

ity is not as difficult a phenomenon asin, e.g., in induction machines where the air-gap is short.

System Asymmetries
Parameters of a three-phase machine differ from phase to phase, because of the design and con-
struction of the windings. If, for example, the stator resistance differs in one phase from the

resistance of the two other phases, the amplitudes of the stator currents are not equal.

Reduction of torque ripple by motor design

To achieve smooth torque production, proper motor design is required to approach ideal charac-
teristics of a motor. Generally, the stator mmf-harmonics may be minimised by increasing the
number of dlots per pole g. Using short pitch windings is also advantageous. The overall mini-
mum for stator harmonics is reached by selecting the relative width of the coil span as 5/6 of the
pole pitch. Unfortunately, g must be larger than unity to be able to use short pitch windings.
Often, in low-speed direct drive PMSMs there is no room for large values of g. The cogging
may be minimised by selecting the permanent magnet shape and width correctly. Skewing also
dampens the cogging effects as well as the stator mmf harmonics created torque ripples because

it reduces the variation of reluctance seen by the rotor magnets and hence the cogging torque.

1.4.2 Converter

Frequency converters used in variable-frequency controllers produce three-phase voltages or
currents that are not purely sinusoidal and contain higher frequency components that are har-
monics of the fundamental frequency. The presence of time-harmonics in the stator excitation
results in a pulsating torque component (Mohan 1995). Perturbations induced by power elec-
tronic devices, non-ideal measurement systems and digital controllers can create additional ex-

citations, which are transformed through the electric actuator to the mechanism.

143 Mechanical load

Gears, shafts, eccentricities, blades, bearings, couplings, different misalignments etc. create

mechanical vibration in the systems. The popular cardan-shaft creates speed vibrations even if a
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dightest misalignment is present in the installation (Sopanen 2003). Even in cases of correct
installation the cardan creates torque vibration due to the centre-shaft speed oscillation.

The general differential equation of rotating motion may be given as

Te:J(Z—(:+ Do+T,, (1.4)

where T, is the motor torque, Jis the inertia of the system, @ is the angular speed, D is the
damping coefficient due to friction and T, is the load torque. This equation may be used in
cases of rigid systems. Torsional vibrations, however, occur in the so-called two-mass system,

which is the simplest method of describing oscillatory mechanics.

Torsiona vibration involves the transfer of power between two or more connected rotating
masses. A simple system is comprised of the motor, coupling and the load. Fig. 1.2 introduces a
two-mass model, where two rotating masses are connected by a shaft. The inertias of the two
masses and the torsional spring constant of the connecting shaft have a natural frequency of
vibration at which the two masses tend to oscillate in opposition to one another (Merril 1994a).

The equivalent block diagram isshownin Fig. 1.3.

Motor

Shaft Load
n Ta
T ) O : ) ji
‘]M’ Wy, ‘]L’ Zh

Figure 1.2 Two-mass model of a mechanical system. T, isthe motor torque, Jy isthe motor inertia, ay is
the motor angular speed, Ty, is the shaft torque, Kg, is the spring coefficient (stiffness), J, is
theload inertia, @y istheload speed and T, isthe load torque (Ji 1995).
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Figure 1.3 Block diagram of the two-mass model (Ji 1995). The dynamic equations of the two-mass
model are given in Appendix A.

The natural resonant frequency of the systemis

wo = Ksh(iﬁuij : (1.5)

Iv L

The natural frequencies are constant, but the excitations change with motor-inverter speed.
When the exciting frequency approaches the natural frequency of the system, the risk of tor-
sional resonance appears. In that situation resonance amplification will occur and system dam-
age may result, if the torsional excitation can feed energy into the vibration mode. Resonance
amplifies the magnitude of the oscillation and the resulting stresses. Shaft stresses are shear
stresses, when transmitting torque between rotating elements. On large machines, resonant
stresses may exceed the endurance limit of the shaft material, resulting in finite shaft life in fa-
tigue (Merril 1994b). In Finnish paper machine industry oscillating torques have broken several
cardans driving large paper machine cylinders (Erkkil&d 2002).

Eg. (1.5) indicates that large systems, which have large inertias, generally produce low natural
frequencies. Smaller systems, which have relatively small inertias and stiff components, gener-

ally produce higher natural frequencies.

Other system excitations may be produced by mechanical components. Coupling misalignment
and lateral vibration will produce torsional excitations. The magnitudes are generally small but

will also occur at multiples of shaft speed. (Sheppard 1988.)

Arolling mill drive example
At no load situation the motor and the roll rotate at the same speed, Fig. 1.4 a). Application of a
load torque to the roll first slows down the speed of the roll. If the spindle is perfectly rigid, the
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motor speed also slows down at the same rate simultaneously. In this situation no torsion oc-

curs.

roll \v “ \v o

rotate sower

rotate at the
same speed

torsion occurred

rotate faster

motor
a) No load. b) Application of aload.

Figure 1.4 Torsion on the shaft of arolling mill.

Short spindles, i.e. those with lengths comparable to their diameters, cause little problem of the
torsional vibration. Longer spindles, as compared with their diameter have a resilient property
and a rather low resonant frequency and can cause the drive train to exhibit oscillatory behav-
iour. The flexibility of the spindle retards the travel of torque aong the spindle to the motor.
The motor speed, therefore, remains constant immediately after the load torque application and
deviates from the roll speed. A difference in their speeds results and causes torsion on the spin-
die, Fig. 1.4 b). Once the spindle is distorted, vibration results due to the “spring property” of
the spindle and lasts along time. (Naitoh 1996.)

1.5 Permanent magnet synchronous machine model

The stator of a permanent magnet synchronous machine has a conventional three-phase wind-
ing, and the rotor can have magnets mounted on the surface of the rotor, or there can be mag-
nets buried inside the rotor (interior magnets). The two-axis form of stator voltage equationsin

rotor reference frame for an ideal synchronous machine are
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. d

Ug = Rsigg + Z/tSd -~ Vs, (1.6)
- dy,

Usy = Reigq + 3, N 1.7

where Uy and Uy, are the direct and quadrature axis components of the stator voltage, Rs is the
stator resistance, iy and i, are the direct and quadrature axis components of the stator current,
weand g, are the direct and quadrature axis components of the stator flux linkage and , isthe
electrical angular velocity of the rotor (Vas 1992). The stator flux linkage rotor co-ordinate

components are
Vs = Ladisd +¥pm (1.8)

Ve = Laisg (1.9)

where Ly and Ly, are direct and quadrature axis stator inductances and ey is the constant flux
linkage produced by the permanent magnets. The stator and rotor reference frames are illus-
trated in Appendix B.

When buried magnets are used, Ly # Ly, and the electromagnetic torque also contains a reluc-
tance torque. In the absence of damper windings, the electromagnetic torque produced in the

PMSM with interior magnetsis

te =2 Plypurisg + (L - Lag i (1.10)

where p is the number of the pole-pairs (Vas 1998). The term (L — Ls)isis iS due to the sali-
ency of the rotor. This is the reluctance torque. When the saliency Ly —Lg islarge, it may be a
good idea to use a nonzero iy in order to maximize the torque production for a given stator cur-

rent modulus by utilizing the reluctance torque (Harnefors 1998).

With surface-mounted magnets, Ly = Ly, and equation (1.10) is simplified to

3 .
le =5 PVrulsy - (1.11)
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Torque is then produced by the quadrature axis current i, The desired electromagnetic torque
is achieved with minimum stator current when iy = 0. Using only the quadrature component of
the stator current results easily in alow cosg; for the drive depending on the value of magnetiz-

ing inductance L.

1.6 Functional principle of theDTC

In this thesis the direct torque control (DTC) is used as the control method both in simulations
and laboratory tests and thus the operating principle of the DTC is described briefly. In princi-
ple the DTC is a hysteresis control of the stator flux linkage and the torque that directly selects
one of the six non-zero and two zero discrete voltage vectors of the inverter. The principa op-

eration of the DTC is shown as a block diagramin Fig. 1.5.

Unc
~ &[T ¢

S S &

Optimal switching table

T 1) g
v
YF Us |32
Isx
UsAlUsBUsc] i
| l/,s ref | +’S
- 32 xy/dq
t ﬂ |l/,3| Usx Usy Isd Isg
e, ref ) )
t, ¥ Y. Y,
l// l/,sxu l/IS/u l/,sdl l/,sqi
- v
t. Yy > | Vs |daixy
carr. v
% :

Figure 1.5 The principa operation of the direct torque control (Luukko 1998). The rotor angle measure-
ment isincluded in the figure, although it could also be estimated.
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1.6.1 Voltage model

The stator flux linkage vector y is estimated on every control cycle (25 us) as

Ws =j(us—isRs)dt. (112)

where ug is the estimated stator voltage vector, is is the measured stator current vector and Rs is
the stator resistance (Vas 1998; Luukko 1998). The voltage model is suitable for fast transients,
but at very sow speeds some additional correction is needed to adjust the flux linkage estima-
tion. The determination of is in stator co-ordinates is presented in Appendix B. The instantane-

ous estimated electric torque t, of the machine is

3 .
te =§ Pws Xisg - (1.13)

The estimated instantaneous electric torque is easily compared with areference value to achieve
a fast torque control. At the same time, the stator flux linkage is compared with the reference

value to ensure sufficient magnetization of the motor.

In conventional DTC, the torque comparator is used to select whether the inverter output volt-
age vector should be a torque-increasing vector or a torque-reducing vector. The appropriate
vector is then applied for the duration of the sampling period. At low speed the torque increas-
ing vectors are very effective at increasing the torque, whereas the torque reducing vectors are
less effective. In contrast, at high rotor speeds, the torque-increasing vectors are less effective,
whereas the torque reducing vectors are more effective. The result of thisis that, at low speed,
the torque tends to make a considerable excursion above the maximum torque hysteresis limit.
At high speed the torque tends to make a considerable excursion below the minimum torque
hysteresislimit. (Bird 1997.)

1.6.2 Current model

In addition to the stator flux linkage estimation by (1.12), a better control is achieved if an addi-
tional flux linkage correction is applied. One possible method isto calculate the stator flux link-
age by using the measured phase currents and the inductances, which are a priori knowledge. In

the rotor reference frame the direct and quadrature axis components of the flux linkage are
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Vsd = Ladisd + Lmdip +¥pm (1.14)

and

Ve =Legisg + Lmgio » (1.15)

where Ly and L, are the direct and quadrature axis stator inductances, L and Ly are the di-
rect and quadrature axis magnetizing inductances, ip and iq are the dirext and quadrature axis

damper winding currents and ypy is the flux linkage of the permanent magnets.

One drawback of the current model is that the rotor angle & is needed because of the co-
ordinate transformation from stator to rotor reference frame. Another drawback is the change of
inductance values during transients, which causes an error during the transients. Also the esti-
mation of the damper winding currents ip and iq reduces the accuracy of the current model dur-
ing transients. In steady state the current model is valid and it is used to prevent the stator flux

linkage from drifting during a long time period.

1.6.3 Stator flux linkage estimation problems

The performance of the DTC drive using equation (1.12) depends on the accuracy of the esti-
mated stator flux linkage, and these depend on the accuracy of the measured currents and volt-
ages. Errors may occur in the measured stator currents and voltages due to the following fac-
tors: magnitude errors due to conversion factors and gain, offsets in the measurement system,
guantization errors in the digital system, etc. Furthermore, an accurate value for the stator resis-
tance is important. The stator resistance has to be adapted to motor winding temperature
changes for accurate flux estimation. At low frequencies the integration can become problem-
atic because the stator voltages become very small and are dominated by the ohmic voltage

drop. The voltage drop of the inverter must also be considered at low frequencies. (Vas 1998.)

1.6.4  Stator flux linkage eccentricity correction

For the stator flux linkage eccentricity correction Niemeld (1999) introduced a useful method,
Fig. 1.6. The method is designed to be carried out during several electric periods. First, the sca-
lar product of the estimated stator flux linkage and the measured stator current is calculated.

The scalar product is then low pass filtered. The correction terms e corr 8N Yy, corr Of the stator
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flux linkage are formed as a product of the difference of the calculated and low pass filtered

scalar product and the components of the stator flux linkage estimate.-

Vsxcorr = Kycorr h//s,est g (V/s,est 'is)f”t J'//sx,eﬂ (1.16)

and

Ysy,corr = Kycorr h//s,est g (V/s,est 'is)f”t J'//weﬂ ; (1.17)

where ko i the correction coefficient of the stator flux linkage estimate.

>
IW Calculation of l/ls(,corr
-7 Vol = X + thestator flux [ >
: ; linkage
Ve est R Vet 5T Wy el % - COI’I’?;ti on Vs cor
Yoy est 5 LPF terms
i)

Figure 1.6 Formation of the correction terms of the stator flux linkage (Niemela 1999).

This stator flux linkage eccentricity correction method introduced by Niemel& (1999) is applied
in the simulation model presented further on in this thesis. The stator flux linkage eccentricity
correction method will obtain centric stator flux linkage, but the speed and torque ripple still
remain. The stator flux linkage eccentricity correction method improves the situation, but does

not eliminate the speed and torque ripple compl etely.

1.6.5 Effect of torque and flux hysteresis bands

Both the flux and torque hysteresis bands influence the inverter switching frequency, harmonic
spectra, torque pulsation and the drive losses. Small flux hysteresis band leads to sinusoidal
current waveforms and high switching frequency, which increases the switching losses. Distor-
tion of the current waveform is small, and harmonic copper losses in the motor are low. The
stator flux vector locus approaches a circle. Increasing the flux hysteresis band causes the stator
flux linkage vector locus to form a hexagon, similar to a six-step inverter fed motor (Casadel

1994). Small torque hysteresis band leads to smooth torque, but increases the switching fre-
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guency. The switching frequency must be guaranteed not to exceed its limit, which is deter-
mined by the thermal restriction of the power devices (Idris 2000). The torque band should be
modified consequently in order to keep the total mean switching frequency below a value re-
lated to the cooling system (Monti 1998). Due to the hysteresis control of the flux linkage and
torque, DTC results in a variable switching frequency and dispersed voltage and current har-
monic spectra, which is generally regarded as less annoying noise source than PWM with con-
stant frequency (Xu 2000).

1.7 Current sensingin electric drives

Motor drives and inverter power stages require a combination of current and voltage sensing
and power device protection to achieve accurate and fail-safe operation. The following features
are desirable in the current sensing device: high accuracy, low cost, high reliability and long
life, small size and footprint area and safe optical isolation (galvanic isolation). For the accu-
racy, in detail, the following features are of major importance: response time, bandwidth, tem-
perature stability, linearity and noise immunity. Requirements for drive performance, cost and
size determine the designer’s choice of current sensing. The methods of current measurement in
high volume applications are mainly based on three choices: resistive shunt, current transformer
and Hall effect based sensors. Each technology has its own trade-offs.

Resistive shunts offer low cost and small size, DC and AC current sensing, but add a voltage
drop and traditionally do not provide isolation. Recently, however, isolation amplifier resistive
current sensing has been introduced (Chew 2003). Typically, alow value resistor (0.25 mQ to
50 mQ) is inserted in series with the current conductor. An isolation amplifier measures the
voltage across this shunt resistor. The shunt resistor should have low resistance (to minimize
power dissipation), low inductance (to minimize di/dt induced voltage spikes) and reasonable
tolerance (to maintain overall circuit accuracy). Smaller shunt resistances decrease power dissi-
pation, while larger shunt resistances can improve circuit accuracy by utilizing the full input
range of the isolated modulator. If the shunt resistance is reduced, the output voltage across the
shunt is also reduced, which means that the offset and noise, which are fixed, become a larger
percentage of the signal amplitude. If the sensed currents are large enough to cause significant
heating of the shunt, the temperature coefficient of the shunt can introduce non-linearity due to

the signal dependent temperature rise of the shunt.
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Current transformers are also low cost and additionally provide isolation. They do not require
external power, and exhibit no offset voltage at the zero current level. Under sinusoidal condi-
tions the accuracy of current transducers consisting of traditional current transformers with a
magnetic core can be very high, provided that the load applied to their output is close to the
nominal value. When distorted waveforms are measured (typically because of the presence of
power electronic components) these devices can be inadequate, owing to their non-linear behav-
iour caused by saturation and hysteresis phenomena. In addition, they are intrinsically unsuit-

able to measure DC components. (Locci 2001.)

Hall effect based sensors, both open and closed loop technology, provide isolation and fre-
guency bandwidth from DC to high frequency AC (200 kHz), but have some limitations in off-
set voltage, linearity and temperature performance. In the following, the Hall effect sensors are
the measurement method to be analysed, because of their wide application in current and volt-

age measurements in variable speed drives.

1.7.1  Hall effect sensor

Hall effect devices are thin plates of a conducting material, provided with four electrical con-
tacts. A control or bias current is supplied via two of the contacts and the other two contacts are
used for sensing, Fig. 1.7. If a magnetic field is applied to the device, the Hall voltage Uy is
detectable between the sense contacts (Hall 1879). This phenomenon is utilised in current
measurements. The primary current to be measured causes a change in the magnetic field in
which a Hall device is located (Norton 1989). The materia used for the thin plate was origi-
nally gold, but today Hall devices are made of semiconductors, such as GaAs, InSb, InAsor Si
(Schott 1997; Costa 2001). The semiconductor type is specifically selected for the stated use
(one having a high Hall constant, or Hall coefficient). Hall effect current sensors can be used for

DC and AC measurements.
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Figure 1.7 Hall-effect device. I isaconstant control current, B is the magnetic flux density and Uy isthe
Hall voltage. A charged particle moving with velocity v experiences a Lorentz force F in a
thin sheet of semiconducting material having thickness d, length | and width w.

In Fig. 1.7, when no magnetic field is present, current distribution in the thin sheet is uniform
and no potential difference is sensed across the output. When a perpendicular magnetic field is
present, asin Fig. 1.7, a Lorentz force is exerted on the current. This force changes the current
distribution, resulting in a potential difference (Hall voltage) across the output. The Lorentz
force describes the force F experienced by a charged particle with charge g moving with veloc-

ity vin amagnetic field B.

F =q(vxB) (1.18)

The amplitude of the Hall voltage is a function of the charge concentration (magnitude of the
current) in the conducting element, the strength of the magnetic field, the type of material, and
the dimensions of the element. For the arrangement in Fig. 1.7, with a magnetic flux density B

perpendicular to the control current I, the Hall voltage can be expressed as

_1cB_RylcB (119)

H™ gnd d
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where n is the number density of charge carriers [m™], d is the thickness of the thin sheet [m]

and

Ry =~ (1.20)
gn

is the Hall coefficient for the material used. The unit of the Hall coefficient is [m°C™], or,
equivaently [VmA™T™] (volt metres per ampere tesla).

The Hall voltage may also be expressed in terms of the impressed potential Uc that drives the

control current,

, (1.22)

where  is the carrier mobility [Csm™], w is the sheet width and | is the sheet length. (Popovi¢
1991.)

From the equations (1.19) and (1.21) it can be seen, that in order to get high values of Hall volt-
age, the Hall element material should have a low carrier density and the carriers should have
high mobility. Since semiconductors have much smaller carrier concentrations than metals, they

are preferred for Hall elements. Properties of some semiconductors are shown in table 1.1.

Tablel.1l Mohilities of electrons (1) and carrier densities (n) in various intrinsic semiconductors at
300 K (Bar-Lev 1993; Shur 1990).

Material u [em?V7's?] n[cm?]

Ge 3900 24108
S 1450 1.2.10%
GaAs 8500 2-10°
InSb 80000 ~10"

InAs 23000 1.3.10%"
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Unfortunately, Hall elements usually suffer from offset (due to misalignment of contacts, me-
chanical stressesin processing or packaging) and temperature dependence. Therefore, some sort
of offset reduction or compensation method should be used (Choi 2002; Caruntu 2002).

The voltage output of the Hall element is very small (uV) and requires additional electronics to
achieve useful voltage levels. When the Hall element is combined with the associated el ectron-
ics, it forms a Hall effect sensor (or transducer). Two basic types of the Hall effect current
transducer are used widely in industrial applications: open loop current transducer and closed

loop current transducer.

1.7.2  Open loop current transducer

The magnetic flux created by the primary current I (current to be measured) is concentrated in
amagnetic circuit and measured using a Hall device inserted in the gap of the flux concentrator,

Fig. 1.8. The output from the Hall device is the voltage Uy proportional to the primary current.

Figure 1.8 Open loop current transducer (Birkel 1996). I isthe primary current to be measured, B is the
magnetic flux created by the primary current and I¢ is the control current of the Hall element.
The small output voltage of the Hall element is amplified.

The linearity of the open loop sensor is determined by the characteristics of the magnetic core
and the Hall generator. Offset drift over temperature is determined primarily by the temperature
sensitivity of the Hall generator. The flux concentrator is typically a ferrite or silicon-steel core.
At excessive current, the core material will saturate. The sensor will no longer supply an in-
creasing voltage output to increasing conductor field strength. After the excitation of the current
sensor, aresidual flux will be present in the core. This remanence will create a shift in the zero

offset voltage level.
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The linear region of the magnetisation curve of the magnetic circuit, Fig. 1.9, defines the meas-

urable current range of the open loop transducer.

B

|
|

|

|

|

| H
|

|

'\ Linear region
|

|

Figure 1.9 Magnetisation curve of the current transducer’ s magnetic circuit.

A large air-gap linearises the magnetic characteristics and reduces the remanent induction.
However, this increases the flux leakage, which disturbs the Hall sensor output voltage (para-
sitic voltage induced in the connections). Costa (2001) claims that the accuracy of this kind of a
current sensor is never better than 5 %. By integrating the Hall sensor, the amplifier and the
correction circuits, the accuracy reaches 1 %. Split-core, clamp-on versions are also used for

current measurement probes.

1.7.3 Closed loop current transducer

Hall effect closed loop current transducers are used in a number of industrial applications.
Typical applications are frequency converters and three-phase drives, electric welding equip-

ment, uninterruptible power supplies (UPS), electric vehicles and switching power supplies.

Closed loop current sensors are based on the principle of the Hall effect and the null balance
method or zero magnetic flux method. The primary current, 1p, flowing through the conductor
produces a magnetic field, which is detected by a Hall effect device and, via an electronic am-
plifier, isimmediately balanced by injecting a current, |, into the secondary winding, Fig. 1.10.
The magnetic flux from the secondary coil cancels out the flux from the primary to zero. The

ampere-turns of the secondary is thus equivalent with the primary,
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Np|p=Nsls. (122)

where Np is the number of primary turns and Ns is the number of secondary turns.

The output from the current sensor is the balancing current, |s, which should be a perfect image
of the primary current reduced by the number of secondary turns Ns (typically 1000). This cur-
rent can be expressed as a voltage passing it through aresistor Ry. A capacitor is often added to
attenuate high distortion frequencies. Because of the zero magnetic flux method, the linearity of

the closed loop transducers is better than the open loop transducers.

Figure 1.10 Closed loop current transducer (Blrkel 1996). I is the primary current to be measured, I is
the secondary balancing current, I¢ is the control current of the Hall element, Ry is a meas-
urement resistor and V), is the output voltage of the transducer.

Despite the null balance method, the output current of the closed loop transducer is not exactly
zero when the primary current is zero. A small offset current from the operational amplifier and
Hall effect sensor is present. This current istypically less than 0.2 mA. The closed loop sensor
also limits the magnitude of the current that can be sensed, since the device may only drive a
finite amount of compensation current. Other drawbacks of the closed loop sensor are increased

costs, larger size and increased supply current consumption.

Some converter manufacturers oversize their Hall effect closed loop transducers in order to

avoid saturation of the transducer core by occasional inverter over-current. The sensor must be
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oversized too, because the same sensor is used also during fault situations. Thus typically only
50 % of the rated value of a sensor is used during normal operation and the converter rated cur-
rent is only 30 % of the sensor measuring range. This increases dightly the effect of current
measurement errors since the accuracy of the Hall effect transducers is at its best towards the

maximum end of the sensed range.

1.7.4  Closed loop voltage transducer

The Hall effect voltage transducers are based on the same principle as their current transducer
counterpart. The main difference is in the primary circuit, which is made with a winding having
a high number of turns. This provides the necessary ampere-turns for the creation of the primary
induction, while having a low primary current. A resistance is connected in series with the pri-
mary winding. This resistance can be external or integrated into the transducer. A typical appli-
cation of the Hall effect closed loop voltage transducers in electric drives is the monitoring of

DC-link voltage in frequency converters.

1.8 Previous methods of torque ripple compensation

Active control schemes are used to modify the excitation to correct any of the non-ideal charac-
teristics of the motor or its power supply. Many of these techniques apply active cancellation of
the pulsating torque components, which would otherwise be generated using the classic sinu-
soidal current excitation waveforms. These techniques rely on a priori knowledge of the design
parameters of the motor or the use of self-tuning mechanisms to adapt to the torque production
characteristics of the machine. Pre-programming stator current excitations to cancel the ripples
in the torque necessitates that these currents are computed off-line and are based on machine
data measured on the test motor. Such methods are valid only to a particular machine. More-

over, they are sensitive to parameter changes due to variation in operating conditions.

Clenet (1993) determined the current supply wave shapes by finite element method for the
compensation of the torque ripple of permanent magnet motors. The pre-calculated current

waveforms were used to compensate el ectromagnetic torque ripple and cogging torque.

Barro (1997) proposed a torque ripple compensation of induction motors under field orientated

control (FOC). A spectral torque ripple model was proposed where harmonics of the actual field
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frequency were used to model the real ripple producing effects of the system. A ripple cancella-
tion term was generated based on this model and parameter identification. This ripple cancella-
tion term was injected into the torque control input of the FOC algorithm. The method required
a torque sensor to obtain a compensation torque. The need for a torque sensor restricts the use-
fulness of this method. Choi (1998) proposed a torque ripple compensator, which calculated the
compensation torque from speed information. The method required a speed sensor. The stability
of the proposed scheme was dependent on proper compensation gains selections. Beccue (2003)
even proposed adding a piezoel ectric sensor to measure the effects of torque ripple harmonicsin
a brushless DC machine. The disturbances in machine housing were used as an indicator of

torque ripple amplitude.

Lam (2001) proposed an iterative learning control scheme, which generates a compensation
reference current based on the error between the desired and the actual currents. By augmenting
this compensation current with the main reference current, the resultant current reduces periodic
torque ripples. The learning control method was suitable to reduce periodic torque ripples. The
rotor position was detected using an incremental encoder and the speed was estimated using a
FIR filter. By using the iterative learning control method, the torque ripple was reduced, but not
eliminated completely due to some properties of the algorithm presented.

1.9 Outlineof thethesis

The work is divided in six chapters, the brief descriptions of which will be given in the follow-

ing.

Chapter 1 gives an introduction to the torque vibration problems encountered in electric drives
and the needs for smooth torque production. Relevant background information of the applied

motor type, control method and sensor types prepares ground for the next chapters.

Chapter 2 gives an analysis of the effect of the converter non-idealities on the torque ripple.

Chapter 3 shows the developed simulation models used for the torque ripple analysis. The

simulation model of the electric drive, including converter non-idealities, is presented. The cou-

pled simulation model of the electric drive and the mechanical load is presented.
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Chapter 4 deals with the detection and reduction of speed and torque ripple. A method to com-

pensate current measurement errors is proposed.

Chapter 5 shows experimental results on some of the analysed and simulated converter non-
idealities that produce torque ripple. First the effect of current measurement errors on torque
ripple is shown. Then the compensation method of current measurement errors, introduced in
chapter 4, is tested with alaboratory drive, which consists of a commercial frequency converter

hardware with a self-made software and a prototype PMSM.

Thelast chapter givesthe conclusions of the thesis.

1.10 Thescope and the main scientific contributions of the thesis

The aim of this thesis is to study and clarify the torsional vibrations caused by an inverter in
electrically driven machine systems. Being a part of a larger project — divided to severa parts,
this work has its main focus on the inverter part of the system, whereas the emphasis is minor

on the motor and the mechanical load.

The significance of the different vibration sources of the inverter on the entire system is to be
found. Another goal is to find possible compensation methods for the vibrations caused by the
inverter. From the industrial point of view, during the project, the interest was to find reasons

for the first ten harmonics of torque empirically observed in industrial applications.

The main objective in the simulation part of this work is to propose a simulation model of the
electric drive that uses existing software on the market, is simple, computationally fast, easily
configurable, reasonably accurate and allows investigation with wide variation of system pa
rameters. In this work a simulation model of the inverter was generated to be coupled with
simulation software of the mechanical load. The model enables to identify potential problems
causing torque vibrations and possibly damaging oscillations in electrically driven machine
systems. The model can be utilized in the design and troubleshooting of electrically driven ma-
chine systems. The model is capable of coupling with another simulation software of complex
mechanical loads. Furthermore, the simulation model of the frequency converter’s control algo-

rithm can be applied to control areal frequency converter.
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A method to compensate current measurement errors is proposed. The method is based on ana-
lysing the amplitude of a selected harmonic component of speed as a function of time and se-
lecting a suitable compensation alternative for the current error. The speed can be either meas-
ured or estimated, so the compensation method is applicable aso for speed sensorless drives.
The compensation method was tested in both simulation and experimental environment. The
method was found to reduce speed and torque ripple under the desired level. The speed ripple
compensation method presented is suitable not only for the direct torque control method and
PMSM used herein, but also for other control methods and motor types. Moreover, this method

can be implemented by modifying only the software in an adjustable speed drive.
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2 GENERATION OF TORQUE RIPPLE DUE TO NON-IDEALITIES OF THE
CONVERTER

Several error sources related to the converter may cause torque ripple. Errors in the measured
stator current and estimated voltage signals cause an error in the estimated stator flux linkage
(1.12) and torque estimates (1.13) and, further on according to the characteristic properties of
the control system, an error in the torque control producing harmonic torques (Laurila 2002b).
The error sources to be considered in detail in the following are the current and voltage meas-
urement errors, which seem to be the most important primary sources for poor torque quality in

electric drives.

2.1  Current measurement errors

Measurement accuracy of current transducers depends on various factors such as electrical pa-
rameters or parameters linked to the environment conditions. Hall effect current transducers are
commonly used in frequency converters for current measurement of the output phases. Factors
determining the accuracy of Hall effect open loop current transducers at ambient temperature
are; DC offset voltage at zero current, loop gain and linearity. Depending on the operating tem-
perature offset drift and gain variation determine the accuracy. Factors determining the accu-
racy of Hall effect closed loop current transducers at ambient temperature are the DC offset
current at zero current and non-linearity. Depending on the operating temperature the offset
drift determines the accuracy. (Birkel 1996.)

Typical rating of the accuracy of the open loop transducers is £1 % and for the closed loop
transducers £0.5 %. However, industrial closed loop current sensors with £1% accuracy are
widely used. This overall accuracy rating usually takes into account the offset current, linearity
and thermal drift, but may also exclude the offset current. The effects taken into account vary
depending on the model or the manufacturer. The principal error types of a current transducer:

offset error, gain error and non-linearity, are introduced in Fig. 2.1.
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Figure2.1 The principa error types of a current transducer: a) offset error, b) gain error and c) non-
linearity. The dotted line corresponds to an ideal straight line and the solid line corresponds to
the measured value.

211 Offseterror

In an offset error the transfer function of the transducer is parallel to an ideal curve, but does not
pass through the origin, as shown in Fig. 2.1 a). In an electric drive the stator currents are meas-
ured by current sensors and transduced into voltage signals, which are then transformed via
low-pass filters and A/D convertersto digital values, Fig. 2.2. DC offset in the measured current
values is possible due to unbalanced power supply voltage of the current sensor and analogue
devices in the current measurement path (Chung 1998; Anti¢ 1994). In Fig. 1.10 the Hall volt-
ageis amplified by an op-amp, then fed to a push-pull amplifier. Both of these amplifiers need a
power supply, the unbalance of which causes an offset error. Another cause of the offset error is
the magnetic offset due to the residual magnetism of the magnetic material used in the trans-
ducer. The value of the magnetic offset depends on the magnetisation state of the magnetic cir-
cuit. At high overload current conditions, when the magnetic circuit has been saturated, this

error is maximum. (Burkel 1996.)

Analog Digital
'l \" \l
Motor Line ' | Current Differential Low Pass A/D X
—> e —> . !
Current ' Sensor Amplifier Filter [ ] Converter Controller :

Figure 2.2 Current measurement path in an adjustable speed drive (Song 2000).

When the primary current exceeds approximately three times its nominal value, the secondary

circuit can no longer compensate the magnetization originated by the primary winding. There-
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fore, the core is magnetised and the magnetic flux follows a hysteresis loop. An additional DC
offset component and non-linearity appear. (Cristaldi 2001.)

The current measurement error in the measured phase current is devel oped when the offset error
in the current measurement path is added to the actual phase current. In practice, often only two
motor phase currents are measured and the third phase current is calculated. The measured cur-

rentsi,, and ipy, are

qn =g + Al , (2.1)
ibm =ib+Aib ) (22)
iem =_(iam +ibm)=_(ia*’ib)_(Aia"'Aib) ) (233

where i, and iy, are the actual phase currents, and Ai, and Ai,, are the DC offset values. Inserting

the error values of the measured currents into the current vector determination

o m
is =3 i,el%+ipe 3 +ie 3 |, (2.4)

the error vector can be calculated as:

2 i i
Iserror =3 Aiae]()"‘Aibe 3 +(-Aip—Aipe 3 | (2.5

which will result in a stable error vector in the direction of &%
(2.6)

. _ . -a
iserror = iserror €%

where



48

a= arctan(AlaJrzme : (2.7)

J3ai,

Thisis a stable error vector in the stationary co-ordinate system. If it is assumed that the stator
flux linkage vector is not remarkably disturbed by the current model variations, but mainly
maintains its circular locus, it produces with the stable current error vector a pulsating error
torque at the fundamental frequency, when the stator flux linkage rotates at synchronous speed,
Fig. 2.3.

Vs
oy
ISEH'OI'
a
te,er ror
te,er rormax
@y
[7]
[0
a +1/2
e <

Figure 2.3 The stationary error VECtor i produces a torque estimation error te oo in the control system
and will thus be compensated by the control. As aresult, atorque ripple will be found.

To define the size of the torque ripple due to the offset error, the stator currents are examined in

the following. In the rotor reference frame the measured currents igym and isqy are
isdm :isd +Aisd (28)

isqm =isg +Aigg (2.9)

where iy and i are the actual currents and Aig and Aig, are the error components due to the DC
offset currents superimposed on the actual current. The actual currentsin rotor reference frame

are

isg =g COSO+ig, SING (2.10)
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Isg =l SIN@ +ig, COSH (211)

where is and i, are the stator currents in the stator reference frame

i =g, (2.12)
. 1. 2.
iy =——ig+—ip and (2.13)
sy \/g a \/§ b

0 = 2xft . (2.14)

The error currents, due to DC offset, in rotor reference frame are

Aigy = Aig c0s8+Aig, sing and (2.15)
Aigy =—Aig SINO+Aig cose=—Aiasin6+%(Aia+2-Aib)cos¢9 : (2.16)

If for simplicity a surface-mounted PMSM is assumed (L = L), then for maximum torque per

unit current |y = 0 and the torque is produced by the g-axis current as
3 .
te =5 P¥puis: (2.17)

The estimated torque te e Will consist of the actual torque te and the superimposed ripple torque
Ate
te e =te +ALg, (2.18)

where the actual torqueis

3 .
te =5 P¥emisg (219)

and theripple torqueis

3 .
Ate :E pl//pM AIS] . (220)
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By substituting (2.16) into (2.20), the ripple torque can be obtained as

3 o 1, .
Ate == PYpu [—A|asn9+ﬁ(ma+2-Alb)cost9]. (2.21)

Let us consider a situation, where 3/2-p-ypy =1, and see the effect of different offset errors on
the torque ripple component. If Ai, = 1% and Aiy, varies, we get a series of torque ripple wave-

formsin Fig. 2.4. Maximum torque ripple is observed at Ai, = Aiy, = 1% and is 4% peak to peak.

Aib=

——1%
—=—050%
—>—0%
——-050%

——-1%

Aia=1%

6 [rad]
Figure 2.4 Torque ripple At in a permanent magnet motor due to offset in a-phase Ai, = 1% and offset in
b-phase, Aiy,, as a parameter. 6= ai.

The torque ripple waveform shown in Fig. 2.4 follows the waveform of the g-axis error current,
Aig, when Aiy = 1 % and Aiy, is varied from 1% to —1%. Some other possible combinations of
Aiy and Ai,and the resulting current ripple waveforms are given in Appendix C. When only two
phase currents are measured, the amplitude of the torque ripple producing g-axis current can be

derived as

o 2 . o .
Alsq=ﬁ\/AI§+AlaAlb+Alé . (2.22)
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If, for example, the absolute value of the offset errors is maximum 1 % in the two phases, the
worst case happens when Ai, = Aiy,. This resultsin ripple current amplitudeAiASq =2%. The fre-

guency of theripple isthe same as the supply frequency.

In some cases the stator current is measured from all of the three phases. This gives an addi-
tional possibility for offset error in the third phase. When all three phase currents are measured,

the amplitude of the torque ripple producing g-axis current is

Aig :gmg +Ai2 + A2 - Ai Al — A Al — AipAi | (2.23)

where Ai. is the offset error in c-phase. This time the worst case happens when the offset error
of one phase has a different sign than the other two phases, for example, Ai, = Ai, = 1% and Ai.
=-1%. Thisresultsin ripple current amplitudeAiASq = 4/3 = 1.33 %. Other combinations of Ai,,

Aipand Ai. and the resulting current ripple waveforms are given in Appendix C.

212 Gainerror

The output of a current sensor is scaled to fit the input range of an A/D converter. During the
amplifying process again error is possible. The gain error produces a change in the slope of the
transducer’s transfer function, Fig. 2.1 b). The two measured currents iy, and ip,, may have gain

errorsk, and ky, asin

igm =ig(1+Ky), (2.24)
ipm =1p(A+kp), (2.25)
iem = —(ia +ip) — (Kaig + Kpip) - (2.26)

Inserting, again, the error values of the measured currents into the current vector determination

we get an error Vector as:

.2n .4n

; 2 o . .
Iserror =§ a'aelo"'kb%e 3 +(—Kaia —kpip)e 3 |- (2.27)
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As an example, it may be shown that if k, = 0 and there exists only an error in the gain of phase

a(ky # 0), we get a pulsating current error vector that may be divided into a clockwise rotating

and a counter clockwise rotating part. The former part produces with the counter clockwise ro-

tating stator flux linkage estimate a pulsating torque having a double frequency with respect to

the fundamental. Thisis shown in Fig. 2.5.

Y
CU/
_kaiaej4"’3 lserror
o
Y Kdl o€
A error

Figure 2.5 Pulsating error vector i, produced by gain error k, in current measurement of phase a.

The error vector in this case will have its maximum at the time when i, has its maximum and

the error vector will be

.4n

. 2 .0 e
Iserror( =0)=§ a'ae] —Kala€ -

The error vector as afunction of timeis then

3, , M) B, . L)

Iserror (t)zg 7kaiae +?kaiae

The clockwise rotating component

- 1 J5)
Iserror,ow :ﬁka'ae

produces a torque component pulsating at a frequency twice the fundamental .

(2.28)

(2.29)

(2.30)
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The error currents, due to the gain error, in the stator reference frame are

Aig =k sné , (2.31)
Ai —k,;sné+—Kkp sin 9—2 (2.32)
5= gk sn s 05 ) |

In the rotor reference frame the torque ripple producing g-axis current component due to gain

error will be

—k, sin? ¢9+i[kasin6+ 2Ky, sin(e—%ncose

Aigy =—Kq 7

:—(k —kb)sn(26+3j—%(ka+kb). (2.33)

Ne

The waveforms of the torque ripple producing g-axis current component, Aig, due to 1 % gain

error in a-phase and gain error in b-phase, k,, as a parameter, are shown in Fig. 2.6.

kb=
——1%
—=—050%
—>—0%
——-050%
——-1%

A sq [%]

0 [rad]
Figure 2.6 Torque ripple producing g-axis current component in a permanent magnet motor, Aig, due to
1% gain error in a-phase and gain error in b-phase, k;,, as a parameter.

Maximum error is observed, when k, = -k, = 1%, and is Afsq = 2/\/5 =~ 1.15 %. It is notice-
able that, when k, = k, the error vector is stable instead of oscillating at double the fundamental
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frequency. This will not produce torque ripple, but it still produces an error in the torque esti-
mate. With three phase current measurement the maximum error is observed, for example,
when k, = -k, =-k. = 1%, and is Afsq = 2/3=0.66 %. More waveforms of Aig, due to gain error

with two and three phase current measurements are given in Appendix C.

In the offset and gain error cases shown above, with equal maximum current error levels, the
offset error will produce higher torque ripple amplitude than the gain error. Furthermore, two
phase current measurement will produce higher ripple amplitude than three phase current meas-
urement. The torque ripple due to the gain error also exists on higher frequency than the torque
ripple due to the offset error, whereupon the resulting torque ripple on the shaft may be lower

because of the attenuation by the rotor inertia.

In both these cases the error takes place in the torque estimate. The control system tries to com-
pensate for these errors and thus a real torque error in the motor is established in an opposite

direction.

2.1.3 Non-linearity

Although an analogue output Hall sensor is considered to be linear over its span, in practice, no
sensor is perfectly linear. Linearity indicates how straight the transfer function of the transducer
is. For alinear device if y; = f(x;) and y,= f(xp), then y; + y, = f(x; +X) (GOpel 1989). Non-
linearity is generally expressed as the maximum deviation from the ideal current curve (Doebe-
[in 1990). Typical rating for linearity of the open loop transducersis +0.5 % and the closed loop
transducers +0.1 to 0.25 %. However, this does not include information about the shape of the
non-linear curve — it only tells the tolerance. For open loop current transducers with powdered
iron toroid core the linearity and hysteresis is shown to be approximately 1 % at current levels
near zero (Emerald 1999). By using ferrite cores hysteresis is smaller than in powdered iron
cores (Emerald 1998). Furthermore, non-linearity — “linearity error” — can be divided into two

categories; “integral linearity error” and “differential non-linearity” (Coombs 1995).

An integral linearity error is a gradually increasing non-linearity error that becomes largest be-
tween zero and half scale and then reduces towards full scale. The integral linearity errors will
appear like gain errors, which vary throughout the measuring range, and are expressed as a per-

centage of the reading representing the maximum error over the full range. (Coombs 1995.)
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Differential non-linearities are linearity errors which cause abrupt reading changes for small
changes in the input. These errors usually can occur anywhere throughout the full range of the
analogue-to-digital converter (ADC) and usually appear like an offset or additional noise in the
measurement reading. Differential linearity errors are expressed by a percentage of range error
like offset voltages. If the differentia linearity error is large enough, one or more quantized
values may be missed and therefore never produced by the ADC. (Coombs 1995.)

One reason for the non-linearity is the already mentioned over-current situation. Another prob-
lem arises, when the transducer works over a reduced portion of its dynamic range. The amount
of non-linearity increases dramatically when the current amplitude decreases. If the current
level is very low with respect to the transducer measurement range, the non-linearity error may

increase more than one order of magnitude above the nominal value. (Cristaldi 2001.)

2.2  Experimentson current measurement non-linearity

This chapter is based on experimental results on the current measurement non-linearity of a

commercia current transducer.

221 Transfer function of a closed loop current transducer

The transfer function of a closed loop current transducer describes its output in terms of its in-
put. Here the transfer function is expressed in terms of a graph instead of an equation. The
transfer function used here expresses the relationship between the primary current I (input) and
the secondary current |5 (output). In the experiment a LA55-P closed loop current transducer of
50 A rated current was used (LEM 1998).

2.2.2 DC measurements

An experimental setup was arranged to explore the shape of the non-linearity of a current trans-
ducer. The input of the transducer was a DC-current from a DC-power supply. 15 turns were
turned around the coil to magnify the available current value from the supply (DC 0...10 A).
The primary current was measured by FLUKE 89 IV true rms multimeter and the secondary
current was transformed to a voltage signal across aresistor and measured by Agilent 34401A 6
% Digit Multimeter. The DC current was gradually increased from zero to the positive satura-
tion level, then decreased, polarity reversed and increased to the negative saturation level etc.
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The procedure was repeated for three cycles. Fig. 2.7 shows the output current of the transducer

I s versus the measured current |p

Is[A]

on
=0U

Ip[A]
Figure 2.7 Output current of the transducer |5 versus the measured current |p. The transducer seems to be
quite linear at the +60...-60 A range on this rough scale.

The transducer begins to saturate after 60 amperes. This is due to the supply voltage capability
of the transducer, because the output of the amplifier cannot exceed the limits imposed by the
power supply. In fact, the amplifier begins to saturate before the limits of the power supply are
reached. This saturation takes place in the amplifier and not in the Hall element. Therefore,
large magnetic fields will not damage the Hall effect sensors, but rather drive them into satura-
tion. Although the linearity of the current transducer may seem quite good according to Fig. 2.7,
certain non-linearities still exist. The deviation of the measured output current |5 in the secon-

dary circuit from the actual current I in the primary circuit is defined here as

Al =ﬁ-100[%] , (2.34)
I'pn

where |py isthe rated primary current of the transducer.
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The deviation Al is demonstrated in Fig. 2.8. An offset level of —0.6 % of the rated current be-
fore turning on the power supply was detected. After the measurements an offset level of —0.5
% was present. In Fig. 2.8, two offset levels can be detected; one for the rising current and the
other for the faling current. Therefore, the transducer has saturated and has a hysteresis-like
transfer function, which represents a non-linearity in the transducer. The error of the transfer
function has its maximum value at the highest absolute value of the current in the linear region

and minimum value near the zero level. Thisistypical for again error.

——|_upl
—=—|_downl
—a—|_up2
05 |_down2|—
——|_up3
—e—|_down3
——|_up4

T T T \0\‘\;\; T T T T

20 40 60 80

!

Al [%]
8
o
o
N
o

-1.0 1

-15
Ip[A]

Figure 2.8 Percentage error of the output current in the measured range. The measured current was a DC
current, repeatedly increased gradually to positive saturation level and decreased to negative
saturation level. The secondary current was transformed to a voltage across an accurate resis-
tor.

The output from the current sensor is the balancing current, which is an image of the primary
current reduced by the number of secondary turns (typically 1000). This current was expressed
as a voltage passing it through a resistor (nominal value 133 Q, measured value 132.57 Q). To
eliminate the possible effect of the resistance inaccuracy on the gain error, a similar measure-
ment was repeated without the external resistor. The secondary current was measured straight
with a mA to pA —evel multimeter. This time the saturation starts at higher current level and

causes hysteresis, Fig. 2.9. Offset and gain errors are again present.
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Figure 2.9 Percentage error of the output current in the measured range. The measured current was a DC
current, repeatedly increased gradually to positive saturation level and decreased to negative
saturation level. The secondary current was measured with amA to pA-level multimeter.

2.2.3 AC measurements

Another experimental setup was arranged to explore the non-linearity of the transducer when a
50 Hz AC primary current was measured. In the primary circuit of the transducer 15 turns were
again used. As the AC power supply, an Agilent 6812B AC power source/analyzer was used.
The primary and the secondary currents were measured using FLUKE 89 1V true rms multime-
ters. Fig. 2.10 shows the percentage error of the output current as a function of the primary cur-
rent .. The measured primary current was an AC current, repeatedly increased gradualy to a
peak level 90 A and decreased to zero level for two cycles. Fig. 2.11 presents current deviation
from the instantaneous primary current value in the measurement range of the primary current

Ip.
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Figure 2.10 Percentage error of the output current as a function of the primary current 1. The measured
primary current was a 50 Hz AC current repeatedly increased gradually to peak level and de-
creased to zero level.

(Is-1p)/1p[%]

Ie[A]

Figure 2.11 Current deviation from the instantaneous primary current value in the measurement range of
the primary current |». The measured primary current was a 50 Hz AC current repeatedly in-
creased gradually to positive peak level and decreased to zero level.

The experimental setup may not have been the most accurate one, but it still shows certain phe-
nomena which may have an effect on the performance of the electric drive. From Fig. 2.10 it
can be seen that a gain error appears, as in DC measurements. By comparing the current devia-
tion against instantaneous primary current to be measured, asin Fig. 2.11, it can be seen that the

percentage error increases when the measured current decreases. This may disturb the perform-
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ance of drives when the motor’s rated current is much smaller than the rated current of the in-

verter.

The experiments on the current measurement non-linearity illustrate the existence of the offset
and gain errors of a current transducer. Moreover, a hysteresis-like error appears. The existence
of the hysteresis-like error in practice would apparently be limited to continuous overload situa-
tions, where the measured current is close to the maximum value of the sensor range or exceeds

it. Undersized current transducers would end in the same resullt.

Measurement results on the effect of offset and gain errors on torque ripple were easily ar-
ranged on the experimental equipment system consisting of a laboratory version of an ACS-600
frequency converter, aPMSM and a DC motor as the load (Laurila 2002a). Verifying the simu-
lation results on non-linear current measurement errors was, however, infeasible on the existing
Ssetup.

2.3  Voltage measurement errors

In addition to stator currents, stator voltages are of interest in estimating stator flux, asin Eq.
(1.12). The measurement of stator voltages is usually accomplished by measuring the DC-link
voltage and by estimating the voltage according to the known switching states of the converter.
Since the Hall effect voltage transducers used for the DC voltage measurement are based on the
same principle as their current transducer counterpart, similar errors are possible. Typical accu-
racy of Hall effect closed loop voltage transducers is +£1 % and for linearity +1 %. The meas-
urement bandwidth of Hall effect voltage transducers is typicaly several kHz and the response
time varies between 10 ... 100 us. The response time of the Hall effect voltage transducers is
longer than the response time of the Hall effect currents transducers, because the primary circuit
of the voltage transducers is made with a winding having a high number of turns. The response
time depends on the L/R time constant of the primary circuit (primary winding inductance and
primary resistance). This response time is rather slow if it is compared, e.g., to the minimum
pulse length of typical DTC-inverters, 25 ps. The DC intermediate circuit voltage is measured
in typical inverters and in those applications this bandwidth seems to be large enough. A resis-

tive divider is also a common method to measure the DC-link voltage. With the resistive di-
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vider, the accuracy is defined by the accuracy of the resistances and their temperature depend-

encies.

24  Non-ideal power electronic switches

In addition to the voltage measurement error due to the voltage transducer, another source of
error is present in the voltage estimation due to the non-idealities of power electronic switches.
In the ideal case the voltage vector usin (1.12) is formed by the DC-link voltage Upc and the
switching states Sa, Sg and Sc. The switching state can be either 1 or 0. State 1 means connec-
tion to the positive potential and state O means connection to negative potential. The voltage

vector can be written as

2 iz
US(SA’SB'SC):EUDC SAeJO+SBe 3 +SCe 3 |-

, 2.35
. - (2.35)

; J
jo
§ Ugloss® ™ +Up loss® 3 *Uc loss® 3

WhEre Uy )oss, U oss @Nd Ugoss take into consideration the threshold voltage, the conducting state
voltage losses and the switching delay during switch commutation (Kaukonen 1999). In order to
avoid short-circuit of two power switches of a leg, a dead-time during the switch commutation
has to be used. This dead-time generally has little effect on the performance of the system.
However, in low speed region, it can cause system unstability (Li 1997).

Two different types of behaviour are observed, when there is an error in the measured DC-link
voltage. Thefirst isa constant stable error in the stator flux linkage magnitude and the second is
an alternating unstable drifting of the stator flux linkage. The measured DC-link voltage is ex-
pressed as

Upcmess = 1- kgain)-JDC"'AU beoffset =Upc +AUpc, (2.36)

where Upc is the actual DC-link voltage, kg, iS the gain coefficient and AUpceirs 1S the offset

voltage. AUpc isthe total measuring error at a certain time instant.
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At low speed, the voltage drop in the converter can be higher than the emf voltage, constituting
a dominant disturbance. Typical voltage drop in a modern 1200 V IGBT switch may be e.g. 3
V. When the current is running through at least two transistors a 6 V voltage drop in the power
switches may be present. In a400 V 50 Hz motor drive the line-to-line back emf of an induction
motor rotor circuit is 6 V at about 0.75 Hz rotor rotating frequency. It is easy to see that the

converter voltage drop may be significant at low speeds.

24.1 Dead-time

In an ideal situation, the states of two switches in an inverter leg are allowed to change simulta-
neously from on to off and vice versa. In practice, any type of power electronic switch has finite
turn-on and turn-off times. The turn-on of the other switch in the inverter leg has to be delayed
by a dead-time (blanking time, lock-out time) to avoid a shoot through (short circuit) through
the leg (Mohan 1995). The dead-time counts from the time instant at which one semiconductor
switch in aleg turns off and terminates when the opposite switch is turned on. The dead-time is
determined as the maximum value of storage time plus an additional safety time interval. (Bose
1997.) The relatively long turn-off time of IGBTs is dominated by the time taken to sweep out

the minority charge carriersin the n” layer.

Due to the presence of the dead-time, the amplitude of the output voltages of the inverter will be
reduced and distorted. Since both switches in each leg are in the off-state during the dead-time
duration, the output voltage is dependent on the direction of the output current. For example, if
inaninverter leg, asin Fig. 2.12, the upper switch (S1) and lower switch (S2) are not conduct-
ing, then either diode D1 (across S1) or diode D2 (across S2) conducts, depending on the sign
of the stator phase current. The voltage deviation due to the dead-time opposes the current flow

in either direction.

€

S1 D1

n €

S2 D2

Figure 2.12 Basic configuration of one phaseleg of an inverter.
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The voltage error in the output voltage of one phase due to the dead-time and the voltage drops

of the switching devicesis

U adead =Y dead - S9N(ia) (2.37)
where
niy=] 111”0 g (2.38)
IMa)=1_1 1. <0 ‘

tdead +ton —t f Usat +Ud
Udead:—.l_on & -Upc-VUsa +Ud)+—2 :
S

(2.39)
Usa, Uy, toeads tons o denote the saturation voltage drop of the active switch, forward voltage
drop of the freewheeling diode, dead-time, turn-on time and turn-off time, respectively. Similar
output voltage errors can be defined for the other two phases. The amplitude of the disturbance
voltages in the rotor reference frame is a function of Ugeyq in (2.37), which can be considered as
atime varying value depending on the operating conditions. The switching times of the switch-
ing devices vary with operating conditions such as the DC link voltage and currents. The volt-

age drops of the devices also vary with the operating conditions. (Kim 2003.)

The distortion of the inverter output voltage affects stator currents, which result in torque pulsa-
tions. The deviation of the output voltage has a square wave waveform after low-pass filtering
(Murai 1987). The square wave is known to have 5™ and 7" harmonics. If the fundamental flux
wave rotates counter-clockwise the magnetomotive force (mmf) of the 5™ current harmonic
rotates clockwise, while the 7" current harmonic mmf rotates counterclockwise at the same
speed (Anti¢ 1994). As aresult atorque ripple at the 6™ harmonic of the fundamental frequency
appears (Choi 2000; Chen 2000). The result is similar as with the traditional six-step inverter,
which has a hexagon shaped stator flux linkage plot. The DTC also results in a hexagon shaped

stator flux linkage with wide hysteresis bandwidths of flux and torque.
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The DSP-based controller reads in the torque and flux references, the DC link voltage and two
line currents at the beginning of each sampling period. The DSP needs a certain amount of time
to execute the entire control algorithm. This time, together with the time required for over-
current protection, determines the minimum value of the sampling period. Owing to the compu-
tational time required, a time delay period is present between the sampling instant and the
commutation of the inverter switches. As a consequence, the instantaneous values of the stator
flux magnitude and torque may exceed the upper and lower band limits of the prefixed hystere-
sis bands. On account of these considerations it appears that, even with a zero band width, the

stator flux and torque will be affected by aripple. (Idris 2000.)

2.6  A/D conversion

One contributor to the sensor inaccuracy is the quantization error. During the A/D conversion
process, when the analogue signal from the sensor is changed into digital bits, an amplitude
guantization error occurs (Cheok 2002). The total number of analogue combinationsis 2" for an

n-bit A/D -converter. A one bit error means a current measurement error of

2N -1

2n

Aipp =100 1100 [%] . (2.40)

Quantization errors for some n-bit A/D -converters are presented in table 2.1. Typical usage is

10-bit in the current measurement of adjustable speed drives.

Table 2.1 Quantization errors for some n-bit A/D -converters.

n Aiap [%0]
8 0.391
10 0.098
12 0.024

16 0.0015
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2.7  Stator resistance estimation error

Stator resistance linearly depends on the stator temperature (Andreescu 2002). The actual value
of the stator resistance varies due to the winding temperature (Holtz 2002). The influence of the
resistive voltage drop becomes more dominant as the temperature increases. In DTC-drives the
stator flux linkage estimate gets wrong values, but the error created this way is stable and no
torque ripple is generated (Kaukonen 1999).

28 Reflected wavesand cable length

Reflected wave transient voltages that result from fast IGBT voltage source inverters and long
cable length have a consequence on currents to be sensed. According to the transmission theory,
awave (called e) that travels along a cable will behave at certain ways at the end of the cable,
dependent on the match (or mismatch) of the cable intrinsic impedance Z as compared with the
impedance closing the cable at its end R,. In the case of a mismatch, areflection will take place.

Thereflected waveis here € . The resulting total voltage at the end of the cableis

e =e+€, (2.41)
where
€= Ro-2 e and (2.42)
Ry+Z
2
€ = Ro e. (2.43)
Ro+Z

The reflected wave magnitude € and total voltage e, as function of Ry/Z are presented in Fig.
2.13. Three cases deserve to be mentioned: shorted cable, matching R, and open circuit, as in

Table 2.2. (Persson 1992.)
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Figure 2.13 Reflected wave € and resulting total voltage at the end of the cable g, as function of RyZ. R,
isthe impedance closing the cable and Z is the cable impedance.

Table 2.2 Three cases and corresponding reflected waves € and total voltages g, at the end of the cable,

(Persson 1992).
E e (=Y
shorted cable 1 -1 0
matching R, 1 0 1
open circuit 1 1 2

The resulting high frequency voltages oscillate heavily at the motor input, whereas current os-
cillation is higher at the inverter output. The current wave is in relation to the voltage wave by
the cable impedance. The current transducers are normally located at the inverter output. The
control agorithm of the drive makes control decisions based on the current and voltage meas-
urements. With long cables the current oscillation may last longer than the time between control

decisions, so that the current oscillation may disturb the drive control. (Tarkiainen 1999.)

Pankau (1999) claimed that the cable oscillation frequency periodically disturbs the null condi-
tion of the current transducer core, which momentarily saturates the push-pull amplifier. The
control circuitry then has difficulties to null the core when the dwell time between PWM pulses
becomes less than the relaxation time of the sensor. Although the transient damps out, a more

complex excitation, such as a double pulse condition (Kerkman 1997), presents a condition
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where the sensor’s flux is not nulled. Under these conditions the feedback current signal may
become distorted and drift (Leggate 1998). Kerkman (2003) listed the distortion from traveling
wave currents as one of the errors of current sensor and its feedback. The other listed errors
were ground bounce, signal range limitations, A/D quantization, polarity discrimination and

phase delay. The accumulation of these effects often exhibits itself as a varying offset.

The high frequency component of the reflected current waveform could result in excessive core
loss and therefore excessive heating of open-loop Hall effect current sensors (Persson 2002).
Since the Hall element is rather small and the Hall voltage is temperature dependent, heating

may cause offset voltage variation.

29 Summary

In this chapter an analysis of the effect of the frequency converter’s non-idealities on the torque
ripple is given. The chapter gives a view on the wide variety of speed and torque ripple produc-
ing factors. Errorsin the measured stator current and estimated voltage signals cause an error in
the estimated stator flux linkage and torque estimates and, further on according to the character-
istic properties of the control system, an error in the torque control. The effect of current meas-
urement errors on the torque ripple is analysed in more detail than some other factors, as the
current measurement forms a significant information source in the control of modern speed sen-
sorless drives. The effect of offset and gain errors in the current measurement on the torque
ripple are analysed. Even some experimental results to define the shape of the non-linearity are
given, according to which, an hysteresis-like error is found. The inaccuracy of the current
measurement may increase due to the reflected wave transient voltages that result from voltage

source inverters and long cable length.
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3 TORQUE RIPPLE SIMULATION MODEL

The simulation model of the direct torque controlled PMSM drive is created in MATLAB®
6.5/Simulink®. The simulation model consists of an inverter block, including speed control and
optimum switching table (DTC), PMSM and load blocks, Fig. 3.1. To emphasize the torque
ripple producing elements of the converter an ideal model for the permanent magnet synchro-
nous motor was used. The equations of the model were described in chapter 1.5. Also the load
and power electronic switches are considered as ideal, whereas the current measurement of the

inverter is considered lessideal.

LIX&IY us_a | a

Ix & ly

P(Ux & Uy

omega_ref
ux & uy

Omega_ref

>
—J»|omega_motor us_¢ L

Converter
Te

A4

—»omega_motor Te

PMSM omega_motor

T_load

T_load

Load

Figure 3.1 Inverter, control system and PMSM are modeled in MATLAB® 6.5/Simulink® .

3.1 Offset and gain errors

Current measurement errors can cause torque ripple mainly in two ways. If the current meas-
urement error type is an offset error, a torque ripple component at the fundamental frequency f;
appears, Fig. 3.2. The other current measurement error type is the gain (scaling) error, which
produces a torque ripple component at twice the fundamenta frequency (2-f,), Fig. 3.3. These

low order harmonics can be harmful if they lie at the mechanical resonances of the system.
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Figure 3.2 Simulated torque ripple due to 0.5 % offset error in current measurement of phase a. Torque
ripple appears at the fundamental frequency f;.
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Figure 3.3 Simulated torque ripple due to 2 % gain error in current measurement of phase a. Torque rip-
ple appears at 2-;.

3.2 Non-linearity

In the following simulations, four different shapes of non-linearities have been used at the cur-
rent measurement of two motor phase currents (Laurila 2003), Fig. 3.4. The non-linearities are
magnified for visibility in Fig. 3.4. Case 1 presents a non-linearity shape similar to the curve

presented in Fig. 2.1 c). Fig. 3.5. illustrates the simulated torque in case 1 and the resulting
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torque ripple spectrum is shown in Fig. 3.6. In case 2 the non-linearity is similar to case 1 on
positive side, but the negative side of the transfer function is mirrored on the other side of the
ideal curve. The simulated torque and torque ripple spectrum in case 2 are shown in Fig. 3.7 and
Fig. 3.8, respectively. In case 3, the non-linearity error based on (Cristaldi 2001) has a hystere-
sis-like error with most significant error values near the zero crossing point. The smulated
torque is shown in Fig. 3.9 and the corresponding torque ripple in Fig. 3.10. In case 4, a hys-
teresis error of £1 % is used. The simulated torque is given in Fig. 3.11 and the corresponding
torque ripple in Fig. 3.12. The simulation data of the current non-linearities are given in Appen-

dix D.

y y
measured measured

casel case 2

case 3 case 4

Figure 3.4 Four different shapes of non-linearity used at the current measurement simulations.
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Figure 3.5 Simulated torque. Non-linearity (case
1) <1% is used in the current meas-
urement of two phases.
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Figure 3.6 Torque ripple. Harmonic components
appear at 2™, 4™ and 6" harmonic fre-
quencies. f; =10 Hz.

The torque ripple generated in case 1 contains even harmonics of the order 2", 4™ and 6™, Fig.

3.6. The non-linearity waveform in case 1 isin some degree similar to the gain error waveform,

except at the maximum ends of the range. The 2™ harmonic results as the dominating one as

with the gain error.
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Figure 3.7 Simulated torque. Non-linearity (case 2)
<1% is used in the current measure-
ment of two phases.
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Figure 3.8 Torque ripple. Harmonic components
appear a 1%, 39 and 5" harmonic
frequencies. f, = 10 Hz.

In case 2 the torque ripple contains odd harmonics of the order 1%, 3" and 5, Fig. 3.8. The non-

linearity waveform in case 2 is similar to the offset error waveform, except at the origin. The 1%

harmonic is the dominating one as with the offset error.
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Figure 3.9 Simulated torque. Hysteresis-like non-  Figure 3.10 Torque ripple. Harmonic components
linearity (case 3) <1% is used in the appear at 1%, 2 4" 5" 6" 7" and
current measurement of two phases. 8" harmonic frequency. f, = 10 Hz.

The non-linearity in case 3 results in torque ripple at 1%, 2", 4" 5™ 6" 7" and 8" harmonic
frequency, Fig. 3.10. The non-linearity in case 4 results in torque ripple at the first ten harmon-
ics of the fundamental frequency 10 Hz in the considered frequency domain below 100 Hz, Fig.
3.12.
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Figure 3.11 Simulated torque. A hysteresis error of  Figure 3.12  Torque ripple. Harmonic components
1% is used in the current measurement appear at integer multiples of the fun-
of two phases. damental frequency f; = 10 Hz.

In practice all of the cases discussed above are not present. According to our experiments, the
non-linearity case 4 (the hysteresis error) appears to be the most relevant one. The case 4 was
repeated with different hysteresis values between the range 0.1 ... 1.0 %. The torque ripple at
ten first harmonics due to different hysteresis error values in the current measurement of two
phases is shown in Fig. 3.13. The hysteresis error produces torque ripple at integer multiples of
the fundamental frequency. The most significant harmonics are the 1% and the 3 harmonic

torques.
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Figure 3.13 Torque ripple at the ten first harmonics due to different hysteresis error values in the current
measurement of two phases. Thefirst and the third harmonic torque ripples have the most sig-
nificant magnitudes.

3.3  Coupling of the simulation models of the electric drive and the mechanical load

The Simulink models of the converter and PMSM were coupled to the ssmulation model of the
mechanical load created in a multi-body simulation software ADAMS, which provides func-
tional virtual prototyping tools for building, testing, reviewing, and improving mechanical sys-
tems before committing to physical prototypes. The advantage of ADAMS vs. Matlab is that
dynamic mechanical systems are described geometrically, so the derivation of complex equa-

tions of motion is eliminated (Hirvonen 2003).

The procedure, how to couple converter and motor models from Simulink to the mechanical

load model in ADAMS, is presented in Fig. 3.14. The Simulink model is first compiled to C
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language by the Real Time Workshop Embedded Coder. Then the code is manually edited to be
compatible with ADAMS. ADAMS, being the main program, uses the C language model as a
subroutine. In this simulation method the user interface isin ADAMS and the converter and the

motor models can be parametric for user convenience.

Converter and

Matlab/Simulink motor models

Model.mdl

Real-Time Workshop v

Real-Time Workshop
build

l Model.rtw

RTW Embedded Coder

Model.c

Visual C++/Fortran

y
Visual C++ build

Manual editing
of the code

Model.obj

4
ADAMS Compiler

¢ Model dll

ADAMS 11.0 Mechanical load model

Figure 3.14 Procedure to couple the converter and the motor models from Simulink to the mechanical l1oad
model in ADAMS. After compiling the Simulink model to C language model, ADAMS uses
the C language model as a subroutine.

A comparison of the ssimulated torques in Simulink and ADAMS is shown in Fig. 3.15. The
mechanical load modelled is a simple cylindrically shaped inertia mass.
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Figure 3.15 Comparison of simulated torques calculated in Simulink and in ADAMS. The stator reference
frequency is 10 Hz and the current measurement offset is—2 % in one phase.

The amplitudes and overall waveforms of the torque ripple are similar in both Simulink and
ADAMS simulations, but dight difference is observed in the frequency of the ripple during the
settling of the torque. The time taken on the simulation of Fig 3.15in ADAMSwas4 min. 45 s
on a PENTIUM 1V, (1.8 GHz, 1 GB RAM) with a 12.5 pus time step and 3 s as the simulated
time. This time taken on the coupled simulation can be seen acceptably short, but it has to be
remembered that the model of the mechanical load was quite ssmple. With more complex me-
chanical load models the time taken on the simulation easily extends to severa hours. This lim-
its comfortable usability of the coupled simulation model for rapid simulations on complex me-
chanical loads, the modelling of which actually is the advantage of ADAMS vs. Matlab. The
cause of the long simulation time is the shortest time step of the model (12.5 ps) that is con-
strained to be used also for the mechanical 1oad. Such a short time step is informatively need-
less for the analysis of the mechanical load. Further development of the time stepping is needed

to reduce the simulation time of the coupled ssimulationin ADAMS.
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34 Summary

In this chapter a torque ripple simulation model of the direct torque controlled permanent mag-
net synchronous motor drive was introduced. The simulation model of the frequency converter
included non-idealities, such as the offset, gain and non-linearity errors in the current measure-
ment. Simulation results of the torque ripple were given. The offset error produced torque ripple
at the fundamental frequency and the gain error produced torque ripple at the 2" harmonic fre-
guency. The non-linearity of the current measurement produced torque ripple at various har-
monic frequencies, which were dependent on the shape of the non-linearity. Selected four
shapes of non-linearity produced torque ripple at the different cases as follows: case 1) 2™, 4™,
6", case 2) 1%, 3% and 5", case 3) 1%, 2™, 4™ 5™ 6" 7" and 8", case 4) 1% to 10™ harmonic

frequencies.

A procedure to create a coupled simulation model of the electric drive and the mechanical load
was introduced. The frequency converter and motor parts of the Simulink model described ear-
lier were coupled to a multi-body simulation software ADAMS. A comparison of the simulated
torques in Simulink and ADAMS was given. The coupled eectromechanical simulation model
was found to work satisfactorily with a simple cylindrically shaped inertia mass. The coupled
simulation model can be used with more complex mechanical models, such as cardan shafts, at

the expense of longer simulation times.
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4 DETECTION AND COMPENSATION OF CURRENT MEASUREMENT ER-
RORS

The speed and torque ripple at the first and second harmonics of supplying frequency have been
proven to result from the offset and gain errorsin the current measurement. The detection of the
speed and torque ripple is of primary importance for defining a suitable compensation for the
current measurement errors. Modern PMSM drives do not necessarily need a speed sensor and a
torque meter is even more rarely used. A method to reduce the speed and torque ripple caused
by the current measurement errors is proposed in the following. The compensation method can

be implemented by detecting the speed ripple from measured or estimated speed.

4.1  Speed feedback

Although the trend of modern electric drives is towards speed sensorless drives, a speed feed-
back is still used in applications such as elevators, rolling mills and master drives of paper ma-
chines. In the case of speed feedback from a speed measurement is used, the detection of speed
ripple is simple. The amplitude of a selected harmonic component of the speed signal is calcu-
lated by discrete Fourier transform (DFT) as a function of time, Fig. 4.1. In the case of the off-
set error, the amplitude of the first harmonic component of the supplying frequency is calcu-
lated from the speed signal a(t). The calculation procedure is executed continuously in almost
real-time. The output is delayed for one period of the fundamental frequency.

. Discrete Re
2sin(2nnf,t) X mean value
0 [ |00,
|_’ Discrete Im
2cos(2nrnf,t) X mean value :
Cartesian to
Polar

Figure4.1 The calculation of the amplitude c?)n (t) of the selected harmonic component of the speed
signal axt) as afunction of time. n isthe number of the selected harmonic (n = 1 for offset er-
ror and n =2 for gain error) and f, is the fundamental frequency.

411  Offset error compensation

The method to compensate offset errorsin current measurement is introduced in Fig. 4.2. If the

amplitude of the first harmonic component of the speed ripple @ is greater than a threshold
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value ana, @ compensation routine is started. In practice only two currents are measured and
probably no information is available about their offset error levels or signs. The compensation
routine has to find suitable positive or negative corrections for two phases. This is implemented
by running through a series of compensation alternatives, which islisted in Table 4.1. After the
first harmonic speed ripple @ is under the pre-defined threshold level @na, the compensation
routine is halted and the last aternative remains valid. For both positive and negative correc-

tions alook-up table defines the amount of correction for certain speed ripple levels.

Measured or estimated
at)

!

DFT
Calculated n:th
harmonic component

@n(t)

l Choose the amount of
. correction from
Start compensation g compensation table
Aw—> Ai
o I
Halt
Positive Negative
correction correction
Yes
Compensation alternative l i
1.8 I Last one kept in memory
l after halt
Last one kept in memory ‘“—— l i
after halt P Compensation selection

v

Compensation for Compensation for
: :

a IC

Figure4.2 Compensation procedure of the offset errors in current measurement. The amplitude of the 1%
harmonic component of speed ripple is calculated from the measured speed. A series of com-
pensation alternatives is run through to find a suitable current compensation solution and
limit the speed ripple under the desired level @iax.
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Finding the right compensation is implemented by running through a series of compensation
alternatives. In the case of an offset error in the current measurement the number of compensa-

tion aternativesis nine, if two stator currents are measured, Table 4.1.

Table4.1 Compensation aternatives |, qo and | oo if two stator currents are measured. “-1” means cor-
rection to the negative direction, “0” means no correction, “+1” means correction to the posi-
tive direction.

-1 -1
-1 0
-1 +1
0 -1
0 0
0 +1
+1 -1
+1 0
+1 +1

The speed ripple compensation method presented is suitable not only for the direct torque con-
trol method and PMSM used herein, but also for other control methods and motor types. More-

over, this method can be implemented by modifying only the software.

Gain error compensation can be executed with nearly the same algorithm as with the offset er-
ror compensation in Fig. 4.2. Only slight modifications are needed. With gain error, the second
harmonic component of the speed rippleiscalculated (n =2 in Fig. 4.1). A second look-up table
is needed to define the amount of correction for the speed ripple levels at the 2™ harmonic fre-

quency.

4.2  Speed sensorlessdrive

From the practical point of view the speed sensorless drive is, of course, the most important
case. When no torque or speed sensors are used, the torque harmonic reduction by compensat-

ing the current measurement errors is based on knowledge extracted from the estimated speed.



80

It isobvious, that in DTC the stator flux linkage angular speed is somehow distorted by the cur-
rent measurement errors when real torque rippleis established. A closed form for the stator flux
linkage angular speed distortion is difficult to give but the drive simulations indicate clearly that
the stator flux linkage vector angular speed is distorted when current measurement errors are
present. If, say, the motor is producing torque in positive direction and the current error vector
is pointing towards the co-ordinate system rea axis, the control system is slowing down the
stator flux linkage vector when it approaches the positive imaginary axis and vice versa when
the stator flux linkage estimate is approaching the negative imaginary axis. These corrective
actions are erroneous and caused by the current measurement error. Thus the angular speed
variations can be obtained by utilizing the angular speed of the estimated stator flux linkage
space vector. The amplitude knowledge of the estimated flux linkage speed may be used to in-
dicate the presence of the errors caused by the current measurement. The estimated stator flux

linkages y& and s, are thus used for the estimation of the speed,

d[arctan(wwﬁ
Vi

This is the derivative of the stator flux angle and gives an unfiltered speed signal, which is an
input to a low-pass filter on the output of which the filtered speed signal is present. The esti-
mated and filtered speed signal is then compared to the speed reference.

The amplitude of the speed ripple extracted from the estimated speed may differ from the speed
ripple extracted from the measured speed. This depends on the filtering of the estimated speed.
The phase difference due to filtering in the estimated speed signal is not a major factor, but the
amplitude is of concern. Too much filtering will give smaller speed ripple amplitude than the
actual measured one is. This will lead to insufficient compensation of the current measurement

offset errors.

4.3  Torque feedback

In the specia case of torque feedback from a torque meter, the same method as with the speed

measurement can be used to compensate the current measurement errors. Again, from the meas-
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measured torque the amplitudes of the first and second harmonic components of torque ripple
are calculated by the DFT. If the amplitude of the first harmonic component of torque ripple is
greater than a threshold value, the compensation routine is started. This time the look-up table
for both positive and negative corrections of the current measurement error defines the amount

of correction for certain torque ripple levels.

4.4  Calculation capacity

The compensation method needs cal culation capacity for the discrete Fourier transform and the
selection of the compensation alternative. The introduced method is tested with 1-2 ms time
step for the speed signal input and is run with a 400 MHz PPC processor. The same processor is
used for controlling the inverter with the DTC and for the current and voltage measurements.
The duration of atime delay, tqq, in the calculation of the discrete mean value is defined by
the fundamental frequency f; and resultsin a number of samples

-, 4.2
At fiAt (4.2)

where At is the sampling time. For example, a fundamental frequency of 5 Hz with 2 ms sam-

pling timeresultsin N = 100 samples.

In order to decrease the calculation capacity needed for the DFT in Fig. 4.1, some development
of the calculation procedure could be prospective. For example, sin(x) and cos(x) functions gen-
erally require about ten times longer to calculate than a single addition or multiplication. De-
spite the fact that the calculation of sin(x) and cos(x) functions is needed, the compensation
method is not found to limit the calculation capacity of the test equipment exhaustively.

45 Summary

In this chapter a method to detect and compensate current measurement errors was introduced.
Detection of the current measurement error is based on the analysis of speed signal, which can
be either measured or estimated. The amplitude of a selected harmonic component of the speed
signal is calculated by discrete Fourier transform as a function of time. In the case of the offset

error, the amplitude of the 1 harmonic component of the speed signal is monitored. If the am-
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plitude of the 1% harmonic component of the speed ripple is greater than a threshold vaue, a
compensation routine is started. The compensation method selects suitable positive or negative
corrections for two phases. For both positive and negative corrections a look-up table defines
the amount of correction. The compensation method is stopped after the amplitude of the first
harmonic component of speed ripple is reduced under the required level. Compensation of the
gain error can be implemented with similar procedure by monitoring the 2™ harmonic compo-

nent of the speed ripple.
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5 EXPERIMENTAL RESULTSON TORQUE AND SPEED RIPPLE

The experimental results on electric drives are attained with the following setups. The first
setup consisted of a commercial frequency converter with standard software, a permanent mag-
net axial flux synchronous motor and a DC motor as the load. The second setup consisted of
another commercial frequency converter with the author made control algorithm, a permanent
magnet synchronous motor and a DC motor as the load. Only offset and gain errors are ap-
proached since, in practice, these error types are the most common and important current meas-
urement errors with respect to the drive torque quality. The test results also show that good
drive performance will be found by compensating these two types of errors. The more compli-

cated error types studied in the preceding chapters remain in theoretical level in this study.

5.1 Experimental setup 1

The first experimental equipment consisted of an ACS-600 frequency converter, an axial flux
permanent magnet synchronous motor and a DC motor as the load, Fig. 5.1. The AFPMSM was
driven without any speed or angle feedback with the ACS 600. The load was a DC motor driven
by DCS 500 and coupled to the AFPMSM with two tangentially stiff clutches. The torque
transducer was attached between the two clutches. Torque signals from the torque transducer

were amplified (VibroMeter) and fed to a computer as analogue signals.

Tangentially  Magtrol 214

stiff clutch Torque transducer
DCS 500
ACS 600 DC drive
Frequency
converter
AFPMSM DC-motor
480 kW
1500 rpm

Figure5.1 Experimental setup 1. ACS 600 frequency converter, AFPMSM as the test motor and a DC-
motor as the load. Torque signas from the torque transducer (Magtrol 214, 200 Nm) were
amplified (VibroMeter) and fed to a computer as analogue signals.

In the ACS 600 software the offset and gain parameters of the current measurement have been

varied in one phase in order to obtain their effect on torque ripple. The experiments showed that
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after normal identification run, the offset and gain corrections were not optimal. Torque ripple
was found at certain frequencies, indicating that the offset and gain errors were still present.
Therefore, the correction parameters were adjusted manually in order to find the minimum

torque ripple at the first and second harmonic frequencies.

5.1.1 Offset error

The torque was measured with different offset parameters of current measurement in one phase.
Fig. 5.2 illustrates measured torque behaviour with an offset error 0.5 % in the current meas-
urement of phase A. The magnitude of torque ripple with 0.5 % offset error is given in Fig. 5.3.
A significant torque ripple appears at the fundamental frequency f;. The effect of different off-

set values on the first harmonic component of torqueis shown in Fig 5.4.
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Figure 5.2 Measured torque. The offset error is 0.5 % in current measurement of phase a.
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Figure5.3 Torque ripple due to 0.5 % offset error in the current measurement of phase a. The highest
torque ripple component appears at the fundamental frequency f;.

Torqueripple [%]

D

Current offset [%)]
Figure 5.4 Torque ripple due to offset error in the current measurement of phase a. The values of meas-
ured and simulated first harmonic components of torque are given.

The difference between the measured and simulated values is quite large. The measured values
are larger than they should theoretically be. The differences are, most likely, dependent on the
mechanical resonance frequencies of the experimental setup. The same statement is apparently

valid for the results of Fig. 5.7, too.
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5.1.2 Gainerror

The torque was measured with different gain parameters of current measurement in one phase.
Fig. 5.5 shows the measured torque with a gain error of 2 % in current measurement of phase A.
The magnitude of the torque ripple with 2 % gain error is given in Fig. 5.6. The most significant
torque ripple appears at f,, twice the fundamental frequency f;. The effect of different gain val-

ues on the 2" harmonic component of torque (T2) isillustrated in Fig 5.7.
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Figure 5.5 Measured torque. Gain error is 2 % in current measurement of phase a.
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Figure 5.6 Torque ripple due to 2 % gain error in current measurement of phase a. The highest torque
ripple component appears at f,, twice the fundamental frequency f;.



87

a1

Torque ripple [%0]

-5 -4 -3 -2 -1 0 1 2 3 4 5
Current gain [%)]

Figure5.7 Torque ripple due to gain error in current measurement of phase a. The values of measured
and simulated 2™ harmonic components of the torque are given.

5.2  Experimental setup 2

The second experimental equipment consisted of a Danfoss VLT 5027 frequency converter with
the author self made control algorithm, a permanent magnet synchronous motor and a DC mo-
tor as the load. The software to hardware development environment is illustrated in Fig. 5.8.
The setup 2 is further divided into two categories: 8) PMSM not connected to the load, Fig. 5.9
and b) PMSM connected to the load, Fig. 5.10.

The standard control card of the VLT 5027 was replaced by another card that provides external
control over the IGBT’s gate drivers. The replacement card included protections against short-
circuit overcurrent, DC overvoltage, shoot-through and overtemperature. The external control is
provided by a dSPACE DS1103 PPC mixed RISC/DSP digital controller. The control algorithm
is mainly based on the same Simulink model that was used in the simulation results part of this
work. Matlab/Simulink is used as the base environment for designing the control algorithm. The

Real Time Interface (RTI) connects the Simulink model to the physical world. The Real Time
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Workshop (RTW) converts the Simulink model to C language, which is then compiled to the
assembly language of the target processors. This development environment was found to be

convenient and flexible for the purposes of this research.

| User |
[ [
PC Vv \
| dsPACE Control Desk dSPACE = | Matlab/Simulink |
MLIB/MTRACE @
a | Simulink Real-Time Workshop |
DS1103 PPC Controller Board
400 MHz PowerPC @
20 MHz DSP <j dSPACE Redl-Time Interface
| Connector Panel

Figure 5.8 Software to hardware devel opment environment of the experimental setup 2.

Danfoss
VLT 5027
Frequency
converter
PMSM
5 kw
Panel isolation 300 rpm

Figure5.9 Experimental setup 2a2 PMSM not connected to the load. DC-voltage and inverter output
currents are measured. The speed signal used for control is either measured or estimated.
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Tangentially  Magtrol 214

stiff clutch Torque transducer
DCS 500
DC drive
Danfoss
VLT 5027
R L= Frequency
converter
PMSM DC-motor
Connector  Optical 5kW 35 kw
Panel isolation 300 rpm 1500 rpm

Figure 5.10 Experimental setup 2b: PMSM connected to the load (DC motor). DC-voltage, inverter output
currents and torque are measured. The speed signal used for the control is either measured or
estimated.

The offset and gain parameters of current measurement have been varied in order to obtain their
effect on the torque ripple. The current transducer used was a closed loop current transducer
(LA 55-P) using the Hall effect (LEM 1998). The overall accuracy of the transducer was re-
ported by the manufacturer as +0.65 % at the primary nominal current (50 A). The reported
offset current was 0.4 % of the nominal secondary current of the transducer, which is equiva-

lent to 2.5 % of the rated motor current of the experimental setup 2.

5.2.1 Offset error

The effect of the offset error on the speed ripple was measured with different offset values of
the current measurement system in one phase. The motor was running without load (setup 2a).
Figures 5.11-5.15 show the frequency spectrum of speed as a function of the offset error. The
speed was measured with an incremental encoder. The reference stator frequency was varied
between 5...25 Hz and the offset error in one phase was varied between —2...2 % of the rated

motor current.
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Figure 5.11 The frequency spectra of measured speed: offset error as parameter. The reference stator fre-

guency is5 Hz. No load is connected to the motor (setup 2a).

[9%] addu paads

Figure 5.12 The frequency spectra of measured speed: offset error as parameter. Reference stator fre-

quency is 10 Hz. No load is connected to the motor (setup 2a).
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[9%6] @1ddu paads

Figure 5.13 The frequency spectra of measured speed: offset error as parameter. Reference stator fre-

quency is 15 Hz. No load is connected to the motor (setup 2a).

[9] a|ddu paads

Figure 5.14 The frequency spectra of measured speed: offset error as parameter. Reference stator fre-

quency is 20 Hz. No load is connected to the motor (setup 2a).
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Figure 5.15 The frequency spectra of measured speed: offset error as parameter. Reference stator fre-
quency is 25 Hz. No load is connected to the motor (setup 2a).

Figures 5.11-5.15 show that the offset error produces speed ripple at the fundamental stator fre-
guency. The amplitude of the ripple decreases with increasing motor speed. This phenomenon
is summarized in Fig. 5.16, where the speed ripple values are given as the amplitudes of the 1%
harmonic component of speed as a function of stator frequency. Offset error values of 0...2 %
have been used in the current measurement of one phase. Speed ripple as a function of offset

error at different speeds (stator frequency) is shownin Fig. 5.17.
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Figure 5.16 Speed ripple (the peak values of the 1% harmonic component of speed) as a function of stator
frequency. The offset error as a parameter is varied between 0 % to 2 % of the motor rated
current. No load is connected to the motor (setup 2a).
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Figure 5.17 Speed ripple as afunction of offset error at different speeds. No load is connected to the motor
(setup 2a).
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Fig. 5.17 shows that the speed ripple increases linearly as a function of offset error at different
speeds. It is observed that, even if there is not a consciously induced offset error present (at 0 %
offset error), the speed ripple is not zero at the fundamental frequency of the stator current. The
offset error may not have been exactly zero after the starting of the motor or thisrippleis dueto

other factors, e.g. motor construction and transducer misalignment.

Experimental setup 2b consists of the PMSM loaded with a DC motor and a torque meter be-
tween them. Speed and torque ripple as a function of offset error at different speeds (stator fre-
guency) at 20 % and 80 % load situations are illustrated in Figures 5.18, 5.19 and 5.20, 5.21,

respectively.
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Figure 5.18 Speed ripple (the peak values of the 1% harmonic component of speed) as a function of stator
frequency. The offset error is varied between 0 % to 2 % of the motor rated current. Load
torque is 20 % of the rated value. (Setup 2b).
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Figure 5.19 Torque ripple (the peak values of the 1% harmonic component of speed) as a function of stator
frequency. The offset error is varied between 0 % to 2 % of the motor rated current. Load
torque is 20 % of the rated value. (Setup 2b).
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Figure 5.20 Speed ripple (the peak values of the 1% harmonic component of speed) as a function of stator
frequency. The offset error is varied between 0 % to 2 % of the motor rated current. Load
torque is 80 % of the rated value. (Setup 2b).
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Figure 5.21 Torque ripple (the peak values of the 1% harmonic component of speed) as a function of stator
frequency. The offset error is varied between 0 % to 2 % of the motor rated current. Load
torque is 80 % of the rated value. (Setup 2b).

Figures 5.22 and 5.23 give the speed and torque ripples (1% harmonic amplitude) as a function
of load torque, respectively. The current offset error is varied between —2.0 % to 2.0 %.
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Figure 5.22 Speed ripple (1% harmonic amplitude) as a function of load torque at 6.28 rad/s. The offset
error is varied between —2 % to 2 % of the motor rated current.
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Figure 5.23 Torque ripple (1 harmonic amplitude) as a function of load torque at 6.28 rad/s.
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Figures 5.22 and 5.23 indicate that the speed and torque ripple at the 1% harmonic, caused by an
offset error in the current measurement, are independent of the load torque. The offset error

level stays constant and is concluded to be independent of the load torque.

5.22 Compensation of the offset error

The current measurement error compensation algorithm presented in Fig. 4.2 was applied to
reduce the speed and torque ripple in the experimental setup 2. Fig. 5.24 shows the measured
speed and speed ripple before and after compensation. The speed ripple was due to a 2 % offset

error in the current measurement of one phase. No load was connected to the motor (setup2a).
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Figure 5.24 Measured speed and speed ripple due to 2 % offset error in current measurement of one phase:
a) before compensation, b) after compensation. Stator reference frequency is 9 Hz. No load is
connected.

The compensation method reduces the speed ripple at the fundamental frequency from 0.28 %
of the motor rated speed to 0.008 %. Running through the compensation algorithm and finding
a compensation alternative for 1.5 % offset error in phase a is shown in Fig. 5.25 for the setup
2b.
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Figure 5.25 Running through the compensation agorithm and finding a compensation alternative for +1.5
% offset error in phase a. After five alternatives a suitable compensation is found. The stator
reference frequency is 10 Hz.

In Fig. 5.25, the compensation a gorithm runs through the compensation alternatives. Phase a
has a positive offset error and has to be compensated to the negative direction. During the com-
pensation routine some incorrect alternatives are tested and the speed ripple increases temporar-
ily during them. After five alternatives a suitable compensation is found. The compensation
method reduces the speed ripple at the fundamental frequency from 0.05 % of the motor rated
speed to lessthan 0.01 %, which was defined as the required level.
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The compensation procedure of two offset errors is shown in Fig. 5.26. Both phases have a
positive offset error and have to be corrected to the negative direction. Thistime after two alter-
natives a suitable compensation is found. The speed ripple at the fundamental frequency is re-
duced from 0.065 % of the motor rated speed to less than 0.01 %, which was again defined as
therequired level.
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Figure 5.26 Running through the compensation algorithm and finding a compensation aternative for +1.0
% offset error in phase a and +1.0 % offset error in phase c. After two alternatives a suitable
compensation is found.
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5.23 Gainerror

Speed and torque ripples (the 2™ harmonic amplitude) due to gain error as a function of stator
frequency are shown in Fig. 5.27 and 5.28. Figures 5.29 and 5.30 show the speed and torque
ripples (2™ harmonic amplitude) as a function of load torque. The gain error in current meas-

urement of one phaseis varied between -5 % to 0 % or 0 % to 5.0 % of the measured current.
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Figure 5.27 Speed ripple (the 2™ harmonic amplitude) due to gain error as a function of stator frequency.

The gain error is varied between —5 % to 0 % of the measured current. The load torque is 80
% of the rated torque.
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Figure 5.28 Torque ripple (the 2" harmonic amplitude) due to gain error as a function of stator frequency.
The gain error is varied between —5 % to 0 % of the measured current. The load torque is 80
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Figure 5.29 Speed ripple (2 harmonic amplitude) due to gain error as a function of load torque at 6.28
rad/s. The gain error is varied between 0 % to 5 % of the measured current.
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Figure 5.30 Torque ripple (2™ harmonic amplitude) due to gain error as a function of load torque at 6.28
rad/s. The gain error is varied between 0 % to 5 % of the measured current.

Figures 5.29 and 5.30 indicate that the speed and torque ripple at the 2™ harmonic, caused by
the gain error in current measurement, increase as the function of the load torque. Thisis dueto
the fact that the gain error is related to the measured stator current, which increases as the load
torque increases. The amplitude of the 2™ harmonic component caused by the gain error is gen-

erally lower than the amplitude of the 1% harmonic component caused by the offset error.

5.24  Compensation of the gain error

The compensation method defined in chapter 4.1.1 was used in the experimental setup 2 also
for the compensation of the gain error in current measurement. Fig. 5.31 presents the amplitude

of the 2™ harmonic component of speed ripple before, during and after the compensation rou-
tine.
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Figure 5.31 Amplitude of the 2™ harmonic component of the speed ripple, and the operation of the
compensation routine. Gain error of +3 % is present at the a-phase and —3% at the c-phase.
Load torqueis 20 % of the rated torque at stator reference frequency 7 Hz.

The speed ripple caused by a 3 % gain error in a and c-phases is reduced from 0.017% to

0.005%, which was the required level in this case, where the load torque was 20 %.

5.25 Featuresof the compensation method

The introduced current measurement error compensation method reduces the speed and the
torque ripples, caused by the offset and gain errors, to an acceptable level. The method is based

on analysing the amplitude of one selected harmonic component of the input signal, which in
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this case is either speed or torque, at constant speed. This analysis requires knowledge of the

error sources that produce the speed and torque ripples and the harmonics at which the ripples

appear.

The compensation method is in principle quite simple, but requires computation capacity for the
real-time calculation of the discrete Fourier transform (DFT). With the experimental setup this
means that only one input signal and one corresponding harmonic can be analysed at the same
time. However, thisis aready limited by the fact, that the operational principle of the compen-
sation method is based on changes in one ripple producing parameter at a time. Adjusting two
or more ripple producing parameters at the same time might interfere each other, if they would

produce harmonics at same frequencies.

Finding the right compensation is implemented by running through a series of compensation
alternatives. In the case of an offset error in the current measurement the number of compensa-
tion alternativesis eight, if two stator currents are measured and the alternative |, con = lgcorr = 0
isleft out. The drawback of running straight through the compensation alternatives in numerical
order is that before the appropriate aternative is selected, some incorrect alternatives may have
been tested. During the short period of the application of an incorrect alternative, more speed or
torque ripple might appear, the significance of which remains application specific. One benefit
of the compensation method is, that even if the absolutely correct compensation alternative is

not found, the speed or torque ripple can be reduced under the required level.

The quality of the compensation method is also dependent of the correlation between the speed
ripple and current measurement error. As seen in Fig. 5.16 and 5.18 the speed ripple (amplitude
of the 1% harmonic) produced by the offset error in current measurement is dependent of the
speed and the load inertia. With the experimental setup 2 only one correlation line between the
speed ripple and the current measurement error was used at a time. Further development would

be a correlation table, e.g. more correlation lines at different speedsasin Fig. 5.17.

In the experiments with the 5 kW PMSM the compensation method was found to operate relia-
bly in the low speed range down to 5 Hz supply frequency. The operation of the compensation
method was not tested at lower supply frequenciesthan 5 Hz. At lower speeds than this the ana-
lyzed time period should be lengthened, which would lead to slower respond of the compensa-
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tion. In the higher speed range the amplitude of the speed ripple decreases to virtually insignifi-

cant, as the experimental results verify.

The functioning of the compensation method in resonance was not tested. Considering a risk
situation, running the compensation method in resonance might temporarily increase the speed
ripple amplitude and thus lead to damage. From this point of view the compensation method
should not be run on the resonance frequency of the system. On the other hand, the compensa-
tion method is intended to run at constant speed operation, and the operation at the resonance
frequency is generally to be avoided in electric drives as any other excitation might increase the

speed ripple amplitude.

The compensation method introduced needs to be implemented only in the software and needs
no hardware modifications. The compensation algorithm does not need to be calculated all the
time, but only during the compensation routine. The compensation routine is started when the
speed ripple exceeds the required level and is stopped when a suitable compensation alternative
isfound and the speed ripple has gone under the required level.

53 Summary

The experiments given in chapter 5 show the effect of current measurement errors on speed and
torque ripple with two experimental setups. The first setup consisted of a laboratory version of
an ACS-600 frequency converter with standard software, an axia flux permanent magnet syn-
chronous motor and a DC motor as the load. The effects of offset and gain errors on torque rip-
ple are shown with the comparison of experimental and simulation results. The comparison of
the measured and simulated results show that the torque ripple appears at the same frequency,
but the amplitude differs as the error increases. This is apparently due to the fact that in the
simulations only the current measurement error is taken into account, but in the experimental
setup the characteristic properties of the setup, e.g. mechanical resonance frequencies enable to

amplify the torque ripple amplitude.

The second experimental setup was applied to test the self-made control algorithm and the pro-
posed compensation method. The setup consisted of a VLT 5027 frequency converter with

self-made control agorithm, a permanent magnet synchronous motor and a DC motor as the
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load. The control algorithm was based on the simulation model used earlier in this work. At the
experiments the speed and torque ripples due to the offset and gain errors were found to in-
crease non-linearly when the speed decreased. The increase of offset error increased the speed
ripple linearly. With the offset error the load torque had no clear effect on the speed and torque
ripple amplitudes. In the case of the gain error the speed and torque ripples increased with the
load torque.

The experimental results show that the proposed current measurement error compensation
method has a good performance in the speed and torque ripple reduction of a permanent magnet
synchronous motor drive. The compensation method reduces the speed and the torque ripples,
caused by the offset and gain errors, under the required level. At no load connected to the
PMSM, the speed ripple due to 2 % offset error was reduced from 0.28 % of the motor rated
speed to 0.008 %, when the speed signal was measured and the stator reference frequency was 9
Hz. With estimated speed signal, at 10 Hz reference frequency, 0.05 % speed ripple due to 1.5
% offset error was reduced to 0.01 %. Compensation of a3 % gain error reduced the speed
ripple from 0.017 % to 0.005 % at 7 Hz stator reference frequency and 20 % load torque.
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CONCLUSIONS

Frequency converter non-idealities that produce speed and torque ripple in electric drives were
analysed on a direct torque controlled permanent magnet synchronous machine drive. Espe-
cialy, the origin of low order harmonics in speed and torque was examined and possible rea-
sons were detected. It was shown theoretically how different current measurement error types

affect the torque.

In addition to the offset and gain errors in current measurement, the non-linearity of Hall-effect
current sensors produces torque ripple in DTC PMSM drives. The shape of the non-linearity has
an effect on the harmonics of the torque. Hysteresis error in the current sensor produces torque
harmonics at integer multiples of the fundamenta frequency, the first and the third harmonic

being the most significant ones.

A simulation model to analyse the effect of converter non-idealities on the electric drives' per-
formance was created. The model enables to identify potential problems causing torque vibra-
tions and possibly damaging oscillations in electrically driven machine systems. The model can
be utilized in the design and troubleshooting of electrically driven machine systems. The model
is capable of coupling with simulation software of complex mechanical loads. Furthermore, the

simulation model of the converter can be applied to control area frequency converter.

A method to reduce the speed and torque ripple by compensating the current measurement off-
set and gain errors was introduced. This current measurement error compensation method re-
duces the speed and torque ripple, caused by the offset and gain errors, to arequired level. The
method is based on analysing the amplitude of one selected harmonic component of the input
signal, which in this case is either speed or torque. The analysisis executed in real time. Simul-
taneously, a suitable compensation is chosen from a series of compensation aternatives, where
the compensation level and direction is to be determined. The speed can be either measured or

estimated, so the compensation method is applicable also for speed sensorless drives.

The proposed compensation method was tested in both ssimulation and experimental environ-
ments. The method was found to reduce speed and torque ripple to an acceptable level. The
speed ripple compensation method suggested is suitable not only for the direct torque control
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method and PMSM used herein, but also for other control methods and motor types. Moreover,

this method can be implemented by modifying only the software.

Future work on the topic of this research could include further development of the coupled
simulation models of the electric drive and the mechanical load in ADAMS to reduce the calcu-
lation time for complex mechanical loads. This would need modification of the coupled simula-
tion model to have different time steps for the mechanical load and the electric drive. Lengthen-

ing the time step for the mechanical load would result in time-saving simulations.

More functions could be added to the current measurement compensation method. As the qual-
ity of the compensation method for the current measurement errors is dependent of the correla
tion between the speed ripple and the current measurement error, further development would be
a correlation table, e.g. more correlation lines at different speeds. In the identification run, the
load inertia could be determined first and after that the correlation between the load inertia, cur-
rent measurement error and speed ripple amplitude could be determined in that particular appli-
cation. Furthermore, adding more logic to the selection of the compensation alternative could

hasten the finding of the most adequate ripple limiting compensation alternative.
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APPENDIX A. DYNAMIC EQUATIONS OF THE TWO-MASS SYSTEM

The dynamic equations of the two-mass system shownin Fig. 1.2 are

N :ijTe—Tshdt, (A.1)
Im
1

o =—[Tg —Tedt, (A.2)
JL

Tor =Ken [ op —o dt, (A3)

where T, is the motor torque, Jy is the motor inertia, ay, is the motor angular speed, Ty, is the
shaft torque, Kg, is the spring coefficient (stiffness), J, is the load inertia, @) is the load speed

and T, isthe load torque. Damping due to the friction is assumed to be zero.
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APPENDIX B. CO-ORDINATE TRANSFORMATIONS

B.1 Stator and rotor reference frames
The vector diagram of a permanent magnet synchronous motor in stator (xy) and rotor (dq) ref-

erence framesis presented in Fig. B.1.

A
y
a Lol s . d
sa'sg
Vs
Yom
i g .

FigureB.1 Stator (xy) and rotor (dq) reference frames of permanent magnet synchronous motor. 5 isthe
stator flux linkage, is is the stator current, isy and ig; are the stator currents in rotor reference
frame, Ly and Lg, are the direct and quadrature axis stator inductances and ypy is the constant
flux linkage produced by the permanent magnets and 6, is therotor angle.

B.2 Co-ordinate transfor mations of current vector

The measured stator current vector i is determined in the stator reference frame as

5 j2n j4n
. .0 . a2 . Y
Is =3 ie!” +ipe 3 +ie 3 |. (B.1)

When necessary, this current vector may be transformed to the rotor reference frame by multi-
plying with the co-ordinate system angle difference, Fig B.1.
The current in rotor reference frameis

i"=lijel” (B.2)

where vy is the angle between the current vector and d-axis.
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The current in the stator reference frameis

iS = [ifellr+e) = jrel® (B.3)

where 4 is the angle between d- and x-axis.

= Y
/Q = ot |

“a

X
Figure B.2 Current vector i in stator (xy-) and rotor (dg-) co-ordinates.

The co-ordinate transformation of the current vector isthus:
- from the rotor reference frame to the stator reference frame

iS=i"el®  and (B.4)

- from the stator reference frame to the rotor reference frame
iSe 10 =Tl el =i (B.5)

i"=iSelr (B.6)
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APPENDIX C. CURRENT RIPPLE WAVEFORMS OF TWO AND THREE PHASE
MEASUREMENTS

C.1 Two phase current measurement - offset error
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Figure C.1 Current ripple waveforms of stator current’s quadrature axis component Aig, due to various
offset errors Aiand Aiy, in the two measured phase currents.

C.2 Two phase current measurement - gain error
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Figure C.2 Current ripple waveforms of stator current’s quadrature axis component Aig, due to various
gain errors k, and k;, in the two measured phase currents.
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C.3 Three phase current measurement - offset error
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Figure C.3 Current ripple waveforms of stator current’s quadrature axis component Aig, due to various
offset errors Ai,, Aipand Ai. in the three measured phase currents.
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C.4 Three phase current measurement - gain error
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Figure C.4 Current ripple waveforms of stator current’s quadrature axis component Aig, due to various
gain errorsk, kyand k. in the three measured phase currents.
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APPENDIX D. SSMULATION DATA

D. 1 Current measur ement non-linearity waveform data
The simulations on current measurement non-linearity in different cases 1-4 were performed

with the current vector data given below (extract from a matlab m-file).

% Case 1, current waveform non-linearity

|_vector=[-20-19-15-10-5-1-0.500.51510 15 19 20]; % Actual current
Im_vector=[-20¥0.999 -19%¥0.998 -15*0.997 -10*0.99 -5*0.997 -1*0.998 -0.5*0.999 0
0.5*0.999 1*0.998 5*0.997 10*0.99 15*0.997 19*0.998 20*0.999]; % Measured current

% Case 2, current waveform non-linearity

|_vector=[-20-19-15-10-5-1-0.500.515 10 15 19 20];

Im_vector=[-20¥1.001 -19*¥1.002 -15*1.003 -10*1.01 -5*1.003 -1*1.002 -0.5*1.001 O
0.5*0.999 1¥0.998 5*0.997 10*0.99 15*0.997 19*0.998 20*0.999];

% Case 3, current waveform non-linearity

1=20;

|_vector=[-20-19-15-10-5-1 0 151015 19 20];

Im_vector_pos=[-20 -19+0.001*| -15+0.001*| -10+0.001*| -5+0.005*| -1+0.01*| 0.2 1+0.01*|
5+0.005*| 10+0.001*| 15+0.001*1 19+0.001*1 20];

Im_vector_neg=[-20 -19-0.001*| -15-0.001* | -10-0.001*| -5-0.005*| -1-0.01*| -0.2 1-0.01*| 5-
0.005*1 10-0.001*I 15-0.001*| 19-0.001*1 20];

% Case 4, current waveform non-linearity

1=20;

|_vector=[-20-19-15-10-5-1 0 151015 19 20];

Im_vector_pos=[-20+0.001*| -19+0.001*| -15+0.001*| -10+0.001*| -5+0.001*| -1+0.001*|
0.001*| 1+0.001*| 5+0.001*| 10+0.001*| 15+0.001*| 19+0.001*| 20+0.001*1];
Im_vector_neg=[-20-0.001*| -19-0.001*| -15-0.001*I -10-0.001*| -5-0.001*| -1-0.001*I -
0.001*1 1-0.001*| 5-0.001*I 10-0.001*| 15-0.001*| 19-0.001*| 20-0.001*1];
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APPENDIX E. DATA OF THE EXPERIMENTAL SETUPS

E.1 Data of the motorsused in the experiments

Table E.1 Dataof the motor applied in the experimental setup 1.

Nominal power 7 kwW
Nominal voltage 400V
Nominal current 17A
Nominal frequency 16.7 Hz
Number of polepairs 10
Nominal torque 700 Nm
Direct axis inductance 46 mH
Quadrature axis inductance 46 mH
Stator resistance 16Q

Table E.2 Data of the motor applied in the experimental setup 2.

Nominal power 5 kwW
No-load back EMF 425V
Nominal current 8A
Nominal frequency 50 Hz
Number of polepairs 10
Nominal torque 157 Nm
Direct axis inductance 48.7 mH
Quadrature axis inductance 75.8 mH

Stator resistance 1Q




