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8. Induction machinedrives

One of the most active areas of research in the dieelectrical drives is the study of estimators
of the state of the machine. The functioning ofeatar control or direct torque control depends
mainly on the precision with which module and positof the magnetic flux are known (rotor,
stator or more, depending on the type of contrglé@mented). From these values it is possible to
estimate the electromagnetic torque produced byntehine. Assuming that we know the values
of the currents and voltages (using sensors or bgns of their references), the complete
knowledge of the state of the machine still neddsavailability of two variables: position and
speed. In the market there are different sensoiliemnboth of speed and position. The cost is
relatively variable, but especially for small anédium power drives it affects decisively on the
final cost of the product. Not only that, but f@arde powers, the problem of transferring the
measurement of speed (or position) from the matdh¢ drive without problems can be solved
only with complex wiring. In this sense it becomsscessary to remove the speed sensors.
Drives where the control of the electromechanigatesm is not based on direct measurements of
speed or position but on estimators (or obsenames)called "sensorless”. There will, therefore,
more or less sophisticated systems from the pdinti@w of control (scalar, vector, direct,
indirect vector to direct torque control, ...) withore or less complex estimators of speed or
position.

Figure 8-1 shows a classical vector control schbased on an orientation with the rotor flux.
The value of speed is necessary for the speedatdotp and for the flux observer. This is just
an example of a control with sensor, but the sagrmakis necessary in any other architecture in
which there is a speed or position control loop.
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Figure 8-1 Architecture of a classic rotor fieldemted control
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It is well-known that the main problem of the setesss control techniques is the dependence on
the machine parameters that may depend on temperé&tguency, state of saturation, .... There
are more or less complex methods to compensat@dse nonlinearities, but it should be noted
that the classical model of the machine providesy \igtle information at low speeds. In
addition, the voltage drop on the switches of tinerter, the dead time and the quantization
errors of the modulator are much more influentrauad the zero speed. Some techniques that
are based on the anisotropy of the rotor (out eindmess of the rotor itself or simply the
presence of slots in a rotor cage) can provideh@&urinformation on these conditions. New
methodologies based on artificial intelligence faéwnetworks, fuzzy, neuro-fuzzy, expert
systems, ...) should open new horizons.

These notes aim to present some solutions to tidgm of estimating the speed in a sensorless
drive for induction machines.

8.1 Volt/Hz

Simple solutions can be obtained as the evolutibthe classic control schemes: the scalar
control or V/f. Figure 8-3 presents the typical ¥éntrol using a speed sensor.
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Figure 8-3 Diagram of V/f control with a speed sans

Figure 8-4, however, shows an open loop schemehich the error between the reference speed
and actual speed is a function of slip and thubeioad.
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Figure 8-4 Diagram of V/f control without a speeshsor

Figure 8-5 is an evolution of the proposed scatatol. Suppose that the reference frame will
be fixed with the stator flux. If the resistive tadde drop is negligible, the stator voltagei¥
placed on the "q" axis and if the ratio V/f is ntained constantys remains constant. With a
constantysand for low value of the slip, the mechanical chtastic (torque vs speed) is linear
and there is proportionality between the torque tedslip (xo or wgjp). On the other hand, the
torque at constant flux is proportional to the qafgre component of the stator curreqt i

(Te:np \Vs' ISU) .

So, in a V/f control scheme and with a refereneent fixed to the stator flux, the slip frequency
is proportional to the quadrature component obstedirrent.
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Figure 8-5 Diagram of V/f control with a slip cormsation

8.2 Open loop methods based on stator voltages and currents

The methods presented in the previous chapteregt@my easy to implement in the hardware of
limited resources. They also have the advantageobfdepending too much on the machine
parameters. Conversely they have the serious defféaving slow responses to transient as they
are based on the steady state model of the machivexe are schemes that offer excellent
performance even in open loop. They are based oandg model of the machine (4 or 5
parameters) and knowledge (direct or indirect) loé sstator voltages and currents. Their
characteristic of operating in open loop impliesttitheir behavior depends strongly on the
machine parameters. The nonlinearity in the systedithe imperfect knowledge of the values of
the parameters during the transient will void tleefgrmance of these observers, especially at
low speed. The main reasons for this downgradeidec| saturation of ferromagnetic material,
dependence of the resistance and inductance ofrettpgency, variation of the resistance with
temperature, non-ideal inverter, problems with quation of signals. ... Being able to
compensate for these phenomena can be achieveda@typerformance even at low speeds.

4
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The methods are based mainly on the dynamic equaticotor, properly manipulated to obtain
a dependence on onIy stator currents and stato{ditectly linked to the stator voltage).

0= REH 'HWW/

wherew;, is the generic speed of the reference axes repeakes fixed with the rotor.

The first method is based on writing the equatibdymamic rotor axis in a reference fixed to the
stator (stationary reference). In this case itlteset = -wn,. In particular the equation on the "d"
axis is:

Oer l:ﬂrd +dfjatrd +wmwjrq

wrd =M |:qird -l_isd):> ird :%_isd
Ay _ Yy
- ra _7rd 4 |]
_ dt Tr Rf sd
a, =
‘/Irq

wherer, = M/R;, is the rotor time constant.

The problem now is to find the most appropriatatiehship between the rotor fluxes and the
stator voltages and currents.

But the rotor flux is related to the stator fluxabgh the terniysis and a suitable transformation
gain:

‘ITrZwS_Lks[ﬂs

while the stator flux is calculated as an inte@palre or with low-pass filter) of the stator voléag
minus the resistive voltage drop.

In conclusion, we obtain:

Y =, - L
aw, _dp, | i,
dt dt dt

w J(v -R Eﬂs)dt

The parameters are:

* R may be influenced by temperature, though in a tomagy than the rotor resistance; it is
not much influenced by the frequency, especialhsfoall-medium machine

* 1, depends on temperature, saturation and frequespg¢ially for deep slots)

* Lysdepends very little on saturation (it takes intoaunt the leakage flux in the air-gap)

5
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There is only the difficulty of calculating the deative of the stator current as the signals from
the sensors are generally very noisy. The stattiag®, however, can be accessed directly or
estimated from a given voltage of the dc bus aedctnfiguration of the inverter.

Another formulation of the mechanical speed, vecgnis as follows:

Y=g, - (Le+M) (=M )
e

“ )

w, =—dt —

Re, W)

where Im() means the imaginary part, Re() the paa and the underscore refers to the complex
conjugate.

Im(

Again we need to find the most appropriate linkaeesn the rotor flux and the stator voltages
and currents.

8.3 Adaptive methods (MRAYS)

The open-loop methods have the advantage of eaglenmentation. But they are definitely
influenced by the uncertainty on the values of tfechine parameters and on the measurement
errors. The closed-loop methods provide betterracguat the expense of increased algorithmic
complexity.

Among these, the method MRAS (Model Reference Adapbystem) provides good results.
The operating principle is based on the existericevo estimators: one based on a reference
model and the other on an "adaptive" model. Th&t filoesn't depend on the parameters or
variables to be identified, while the second isedagn a model where these parameters appear.
The error between the two estimations is used taiolbhe unknown quantities (in our case the
mechanical speed).

u Reference |
model +
Adaptation
mechanism
Adaptive )
model y
parameterdm)

Figure 8-6 Diagram of a MRAS observer

A possible implementation of a MRAS observer wél firesented, now.

The equations of the reference model are refeoredstationary reference frame. The stator flux
is obtained from the integration of the voltageeathe stator resistance, while the rotor flux is
calculated from the stator flux and the stator enirr The inputs of the estimator are, therefore,
the stator currents and voltages on axes fixed stétor.

The equations become:
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Vs = I(VSB - RJsﬁ)dt
wra :wsa - LkJsa
=Wy~ LkJsﬁ
The adaptive model is based on the classic estimi&o(current and speed) where the

mechanical speed is the estimated one.
The equations are:

pd}ra = _%d}ra - &%nliz\/rﬂ + Rrisa

pd}rﬂ = _%wrﬁ + &%nliz\/ra + Rrisﬁ

The inputs to the estimator, therefore, are statwrents on stationary axes and the estimated
mechanical speed.

The estimated mechanical speed is obtained as utputoof a classical Pl controller with
proportional and integral action. The input to Blds somehow an error. For example, it can be
chosen the following value:

e=Im@, )
which is a function of the product of the fluxes dates and of the sine of the angle between
them.

_h ’ Reference | wr
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Adaptive
model .
ﬁ Pl <
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Figure 8-7 An example of a MRAS observer

84 Observers

A closed-loop estimator is called observer. In ddito the MRAS techniques presented in the
previous paragraph in the literature there are lavge groups of observers: deterministic or
stochastic. The most famous observer of the fastilly is the Luenberger observer, applicable to
linear time invariant systems. For nonlinear deteistic systems with time-varying there is an

extended version of that observer (ELO).

A famous stochastic observer is the Kalman filtarlinear systems and the extended Kalman
filter (EKF) for nonlinear stochastic systems.

AC machine are non linear system, so that onlyreldd versions will be introduced now.

8.4.1 Extended Luenberger Observer (ELO)

The classic Luenberger observer can estimate #ite st linear time invariant systems described
by a standard format:
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X = Ax+ Bu
y=Cx
The observer is described by the following systémiifterential equations:
x= AX+ Bi+G(y-Y)
y=Cx
The observer scheme is presented in Figure 8-8.
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Figure 8-8 Scheme of an Extended Luenberger Ohs@i©)

It may be noted that the structure is identicathat of a Kalman filter. The method for the
calculation of the matrix of gains G is different.

The extended version of the observer applies ttesys with nonlinear and time variations. It
derives from the basic version, but the model nbeslinearized around a point on the trajectory
of the state.

The vector of parameters to be estimatg) hust be added to the state variables chosen to
describe the modek{). The system model becomes:

x= (%) +Bu=[f,(%,%,), f,(%.%,)]" +Bu
y=Cx=C[x,,x.]"
A possible representation of the model is as fadtow

X = [isd. isq| lﬂrd, l//rq. a—?n]T

Yy = [isq isa]T

U = [Vsg Veq '
The matrix G is the matrix of gains and is not ¢ansbut depends on the point around which
the system is linearized. At each integration stiep,matrix G must be recalculated on the basis
of the observer poles required (i.e. the speetsatsponse).
Choosing a constant G simplifies the method, bat gixstem has a dynamic response which
depends on the operating point.
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8.4.2 Extended Kalman Filter (EKF)

The Kalman filter has the same structure alreadysgmted in Figure 8-8, but the logic is
completely different. In particular, in a deternsinc observer the noise, the measurement and
model errors are considered disturbances and tbenadr must be robust enough to be able to
converge in any case. The Kalman filter, howeveula not operate on a system without noise.
In particular, the noise must be white and therestntne correlation between the model errors
(noise) and measurement errors (noise).
The main difference between an observer like EL@ BKF is the way of calculation of the
matrix G (or K in the Kalman filter). In the firsse, the matrix is obtained using a deterministic
method, defining the poles of the observer. In seeond case it is obtained as a linear
combination of three sub-matrices of covariancefBrs to the state vector of the system, Q the
vector of model noise, and R to the noise in thasueements. The difficulty lies in determining
such matrices as parameters depend on the ch@stacseof noise, generally not known a priori.
Often, therefore, they are realized after repeatenpts at convergence.
The system model can be represented by any systemdependent state variables. The
mechanical speed should also be present.
The Extended Kalman Filter can be used also tonstoact, in addition to non-measurable state
variables, the value of some parameter that vdaesg the transient.
The main problems of this method are:

e it is not true that the system noise is white duse it is linked to the modulation

technique
» the value of parameters has to be known very imebirder to increase the speed and
precision of the method
» at low speed, the information about the voltaayesvery attenuated
» the method is recursive and requires high contjoun@ power.

8.5 Methods based on the anisotropy of the magnetic circuit

To make better use of iron, the present tendencdiesigners of induction machines is to put the
rated operating point in the saturation zone. Tlemds to the birth of a third harmonic
component, in the voltage between phase and statr gficthe windings. It corresponds to a third
harmonic magnetizing flux, in phase with the magmag flux at the fundamental frequency; so
there is a correspondence between the maximunedfvb fluxes. The third harmonic flux does
not depend on the loading conditions and it isuailtyy free of noise.

In the induction machine, there are two phenomédrsaturation: the saturation due to the teeth
and that present in the iron of the stator yokehmnfirst, the saturated stator teeth are those in
the direction of the magnetizing flux. In this wiiae induction in the gap shows a reduction of its
maximum value. The third harmonic has a minimurtnist point.
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b(®)

b 4

Figure 8-9 air gap induction waveform due to thethiesaturation (solid line: real trend; light
stroke: first harmonic; dotted line: the third hamrc)

The stator yoke saturation is due to the magnetomdbrce distribution along the air-gap. In
correspondence to the interpole in the yoke, the # maximum and can send the iron in its
saturation zone. In this case, the induction wawvefm the gap is completely different from the
previous case: at the maximum value of the magnetiflux, the third harmonic has its

maximum. In this work we assume that the saturasidhe first type is predominant.

b(6) A

Figure 8-10 air gap induction waveform due to thkeysaturation (solid line: real trend; light
stroke: first harmonic; dotted line: the third hamrc)

It can be shown that the sum of the three-phaseged with respect to the star point of the
stator windings is three times the third harmorottage (having neglected the higher harmonics
due mainly to the presence of the slots).

|
Vsa = Rs |:ﬂsa + Ls dia *6a

Vsb:Rs[ﬂsb-'-LsE%-'-esb

|
Vse = & l:[Isc + Ls dic * €

But every emf g can be expressed as the sum of different harmo8topping at the first and
third, we have:

10
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€.

sa

= e, [coset) +e,[cos@at) +...

e, = €, [tos(ut —gn) +e, [tosPB(awt —%n)] +...

e, = e, [Cosut +§77) +e, [tosPB(wt +§n)] +...

So because the system has three wires
isa+isb+isc =O
dig, N dig, N dig, _
dt dt dt
it results:
Vsa +Vsb + Vsc = 3@33 EOSGC()St)
By integrating the total voltage, you obtain thigdtharmonic magnetizing flux which is in phase
with the main flux. Moreover, its value is indepentl of load conditions and speed. It is also
virtually free from the noise of the modulator. tBere will be a law that links the two modules
(the third harmonic flux and the main flux). Thaa is the same which links the third and first
harmonic of the voltage. Using a classical no-ltesd, that function can be built easily.
Knowing the stator leakage inductance it is posdibicalculate the stator flux:

Y=L O +y,
and the electromagnetic torque

T,=n, Um(i; [,)

However, there are two problems:
» at low speed the voltage becomes evanescent
» the star point of the stator windings has to beesasible in order to measure the three-

phase voltages.
For the measurements of phase voltages three seasomeeded. A low-cost solution can be
obtained by using three single phase transfornietke primaries are connected in parallel to
each stator windings (between a terminal and threpstint) and the secondaries are connected in
series, the voltage measured across the serigsids ® the sum of the three phase voltages, i.e.
three times the third harmonic voltage. This vahey be used directly by the control system, as
the galvanic insulation form the power is providgdhe transformers themselves.
Another technique uses the saliencies of the madiine to the slots) to estimate the mechanical
speed. In a machine, the presence of slots/tegilesna variable reluctance in the air-gap with a
frequency proportional to the number of the sl@sien the voltage, the stator current have a
spectrum that contains different harmonics: soneged to the supply frequency, others to the
switching frequency and, finally, some related b@ thumber of rotor slots. The switching
frequency can be eliminated by appropriate low fiiess or by careful choice of the acquisition
instant (in a space vector modulator, the sampdarged out in the middle of the period ensures
the absence of switching frequency harmonics ircthreent).
The supply frequency (and multiples of it) is knoifsgou know the position (and frequency) of
the stator flux. The frequency due to the slotshenother hand, has the following expression:

fslots. = Ns Efs * k Df
whereNs is the number of slots per pole pdirs the supply frequencys=(1-x)f, wherex is the
slip, k is an integer.

The number of slots may be acquired by means oflaad test (in this cadgois= (Ns+1) fs)

11
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From the above expression follows that the meclaasmeed is:

w, = chs =2iT fslotsi f
N

S

With appropriate filtering techniquésys can be recognized.

It should be noted that the useful frequency ramigj@n the spectrum is not very large. The slots
frequency range, in fact, varies between the nd-loandition where it isNst1) f, and the
condition in which the slip is maximum{ (1-Xmay+1] f.

A final approach exploits the effect of ovality gl or forced) of the rotor. In this situatiohgt
reluctance in the gap shows a periodic trend (annvedue different from zero) with a period
equal to the pole pitch. Stressing the system wfipropriate forcing quantities, produces a
modulated response of the periodic pattern.

12
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9. PM synchronous machines

The vector control of synchronous machine, withdyperformance, requires the knowledge of
the position of the magnetic flux of rotor (fixedtlwthe rotor itself). The better exploitation of
the machine is, in fact, when the stator curreatspvector is imposed perpendicular to the rotor
flux (in this case the stator current only operatesorque and not on flux).
On the other hand, a mechanical speed signal eseacy if a speed control loop is desired. Such
objectives are generally reached by a sensor,radtegth the mechanical shaft. In a "axis" drive
absolute sensors are preferably used (resolvemlwbsencoder). For "spindles" drives
incremental encoder are preferred, because thesaarer to manage.
If conditions are unfavorable or costs are too hitjle removal of these sensors is auspicious.
This would involve:

* reduced system complexity

» decrease the final cost of the product

* increase the robustness and reliability of theedr

* reduction of maintenance

* do not increase the inertia of the motor

* improved noise immunity.
The solutions are different and can be combinet egich other in order to be valid despite the
variable operating conditions. This note proposefeva solutions, but based on different
principles:

e open loop estimators requiring stator voltages @mrents

e position estimators based on the third harmonic

e position estimators based on the electromotiveefo

* observers (ELO, EKF)

e position estimators using variable inductance@nshturation

« estimators based on artificial intelligence taghes
Not all solutions are suitable for high performarasel there is no "ideal" solution. All those
proposals have strengths and weaknesses. The disigner will decide, depending on the
application, which take and whether to use mora thae (depending, for example, on the value
of speed). Some techniques are better suited t@dnvith permanent magnet synchronous
machine with sinusoidal waveform (the so-called A€ishless), others for the one with
trapezoidal electromotive force (DC brushless).
Many of the proposed methods require suitable meado achieve the starting of the machine.
Some indication will be given later. Not only: theethods that rely on the voltage (to estimate
the stator flux or to measure the electromotiveddidoes not work well at low speeds because
the voltage is, in some way, proportional to theespitself. Methods based on the anisotropy of
the machine, however, are especially effectivewatdpeeds.
A special case is represented by methods basedtifinia intelligence techniques. Neural
networks or neuro-fuzzy networks are elegant afidiefit methods to reconstruct the behavior
of a system without knowing the model. Through @prapriate stage of learning, a neural
network can be trained to behave like the realesysiThe larger is the network, the greater are
the degrees of freedom. The advent of chip thagnattes neural networks solves the problem of
complexity of network management and will reduae ¢bmputation time at a reasonable cost.

13
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9.1 Open loop methods based on stator voltages and currents

These methods are based on the flux estimatiotingtfrom measurements of stator voltages
and currents. In steady state or quasi-stationaeyspeed at which the stator flux vector is
moving coincides with the mechanical speed exceptttie number of pole paing, (during
transient this is no longer true). This is espéctalie if the torque change is limited in time.

The control method with a unity power factor isdxh®n this principle. In fact, given a value of
stator current and stator flux, torque is maxim#éing andys are orthogonal to each other. But if
you neglect the resistive drop voltage, the statdtagevs is the derivative ofys then the two
space vectors are orthogonal.

T, =n, Im(i, @,)
So the maximum torque is achieveddfis in phase withs (as in these conditiong-Rds is still
in phase withv), that is if the power factor is unity.

V¢

Rd< AB

Vs‘ Rs| S

o S Ve

LE

Figure 9-1 Vector diagram with unity power factor

The stator flux can be obtained by integrationha voltage after the resistive drop (reference
frame fixed to the stator):

We _ -R 0,
dt

¢, = [V, - R, Mt

And the flux position is obtained as

p, = argy,) = atary, ¢, )

Then:
0=~
dt
or it can be shown that:
40
im(“ 2 @)
ws = _; = wm
YW,

The value of the stator voltage can be obtainedisigg two or three voltage sensors at the

terminals of the machine, or can be reconstructgdmieans of the dc bus voltage value

(measured or estimated) and the switching functitins clear that good performance can be
14
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achieved only if the values of voltages, curremd atator resistance (which depends on the
temperature) are accurate. In particular, the geltat low speed takes values comparable with
the forward voltage drop of the switches and thiecefof inverter dead time. In these
circumstances, also the quantization errors camente the calculation. The current can be
affected by errors due to sensors, like: phasdatisment, gain error, offset.

The choice of the method of integration is alsoonignt. To calculate the stator flux, the pure
integral may be replaced by a low-pass filter.

» 1l/s— P

Vgy + Ysq
-4> RS
Iso
-4> Rs 1
Isp -

Vsp

» /s —p

Vsp +

Figure 9-2 Pure integral

Yo dy/cit Wl

| ] /s —® »
? R » ” P 0)5’
SO e = (DS pS
R s o - > s p
|5[3 -

| dyep/ dtT pe e

VsB +

Figure 9-3 Stator flux estimation using a referesystem fixed with the flux itself

» t/(l+st) P

Ve + Ysy
—» R
Isa
—» R
ISB -

Vsp

» —p t/(l+st) ——p

VsB +

Figure 9-4 Low-pass filter instead of pure integral

In this way you can stop the drift due to any dffsesent in the measurements.

15
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9.1.1 An original schemewith current-controlled VS|

Having a current-controlled voltage source invelé8l) (eg hysteresis control), a possible
control scheme would be the one shown in Figure 34 methodology is based on the
technique with unity power factor, but can be inyaw by using the method presented in the
previous paragraph.

: 1 lsare
Om rert lisel | Inverse[~. P _ _
Pl % pak lstrety Electrical drive

) % Transt. | iscret
+ Ps

+ Vs
/2 <« estmat
el

Om

st/(1+sx)
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(=]

AAAA
i
=]

mn (N

B

Figure 9-5 Unity power factor control

This type of control, like many others (unfortungles not able to start the machine. It is
therefore necessary to adopt alternative methodshf machine starting. The simplest is to
impose a smooth acceleration ramp in an open loogra scheme. In this way, if the initial

value of rotor position is properly chosen, you @sbft start.

9.2 Methodsbased on thethird harmonic

In a DC brushless machine the performance of treetback EMF is trapezoidal with a 120°

phase displacement. So a third harmonic comporenprésent, among higher frequency
harmonics. These components, for each phase, aarlyclin phase with each other

(3*120°=360°) and are synchronous with to the roliocan be shown that the sum of the three
phase voltages with respect to the star point ef dtator windings is three times the third
harmonic voltage.

V., =R O, +L JiLlsa+e
sa sa S dt sa

Vsb:RsEﬂsb+le%+esb

|
Vse = Rs |:i]sc + Ls dic * 6

But every emfes, can be expressed as the sum of different harmo8tepping at the first and
third, we have:
e, = e, [cos,t) +e,;lcosBa,t) +...

€., = 0, [BOSE, 2 1)+ &, [EOSB(@t ~ 2 7)) +...

e, =€, [tos@,t +§ﬂ) + e, [CosPB(awt + %ﬂ)] +...

So, because the system has three wires
isa+isb+isc :O
dig, N dig, N di, _
dt dt dt
it results

0
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V,, +V, +V, =3L&, [CosBw,t)
Studying the appropriate zero crossings of thidaga it is possible to reconstruct the time
required for switching the inverter from one ph&s@nother (like in the switches control logic
of a DC brushless drive).
In addition, the integral of the third harmonic tagle corresponds to the third harmonic rotor
flux. It is almost free from the noise of the maator and its value is independent of load and
speed. The analysis of this flux may, thereforewa the reconstruction of the rotor position.
However, there are two problems:
» at low speed the voltage becomes evanescent
» the star point of the stator windings has to éeeasible and the three phase voltages has
to be measured

The measurements of phase voltages need threerseAdow-cost solution can be obtained by
using three single phase transformers. If the presaare connected in parallel to the stator
windings (between a terminal and star point) anel skcondaries are in series, the voltage
measured across the series is equal to the sune difitee phase voltages, ie three times the third
harmonic voltage. The galvanic isolation is proddy the transformers themselves.

9.3 Methodsbased on the e ectromotive force

It is a valid method for DC brushless machineg hased on the fact that every phase winding is
disconnected from the inverter for 120 electricagmes. The winding voltage, because the
current is zero, is equal to the trapezoidal emf.

One possible method is based on the fact that wineremf of the disconnected phase passes
through zero, the phase voltage referred to thathegterminal ("N") of the dc bus is equal to
the voltage between the star point (n) and the sam@nal N.

VsaN = Rs |:ﬂsa + Ls % + esa + VnN
isa = O esa = O

VsaN = VI"IN

But at the same time, if the phdsé connected to the positive terminal of the ds bnd phase
c is connected to the negative, we have:

Vsb:Rsmsb+Ls%+esb

|
Vee = Rs [ﬂsc + Ls dic €

Isb - Usc

Vsb _Vsc =Vdc
Vdc ZZE& |:ﬂsb-'-zu-s |:_%-'-esb_esc

With reference to the negative terminal of the ds:b
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[
VsbN =Vdc = & |:ﬂsb + Ls E% + esb +VnN

Vdc = 2|]\/dc - esb _VnN) + esb - esc
esb+esc :O:Vdc _anN

— ‘dc
VnN -

2
We reach the same result if the phbde connected to the negative terminal of the d& drnd
phasec is connected to the positive one.
Then monitoring the voltage between the disconept®se and the negative terminal of the dc
bus and comparing it to gy2 are the adequate activities. When the comparsmurred, it
means that the corresponding emf went to zerdght bf this and with appropriate delays, you
can choose the instant at which the configuratfaheinverter has to be changed.
This method suffers from problems typical at loveeg (emf is too low), it is not able to start the
machine and is subject to modulation interference.

Another method uses a suitable phase-locking wighvbltage between the disconnected phase
and the negative terminal of the dc bus. This makesssible to reconstruct the value of the
position of the rotor.

9.4 Observers

The knowledge of phase voltages and currents altbesuse of methods based on observers
such as the extended Kalman filter (EKF) or theraed Luenberger observer (ELO).

The method is similar to that shown for an inductiwachine (paragraph 8.4).

The model changes in this way:

X= [isdy isq, U, an]T

Yy = [iso iS,B]T

U= [Veg, Vep, &7

wheree-=an ¢pmis considered constant within the filter iteration.

9.5 Methodsbased on the anisotropy of the machine

In a control of synchronous machine (both AC and),0ie estimation of the rotor position is
possible by exploiting the nonlinearity of the maga circuit: saturation and anisotropy. Some
schemes are now proposed. In general, these methe@sfective even at zero speed.

95.1 Saturation

In synchronous machines with surface mounted pegntamagnets, the rotor magnetic circuit is
slightly saturated in the flux direction. Assumiageference frame fixed with the rotor flux, the
inductance k along the axis "d" is lower than the inductangealong the quadrature axis "q".
The reluctance in the air-gap is a function ofrtierhanical position and is given by the sum of a
constant and an AC signal with a period equal eogble pitch (in a machine with two poles,
then, the reluctance in the air-gap has two maxantdhtwo minima). When the rotor is stopped,
it is possible to estimate the mechanical posibigrieeding the machine with a rotating voltage
vector. The current response (for a given posifignis described by the following equation (we
neglect the resistive drop):

di, _ Ve(6nt)
dt L4,
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from which you can calculate &f). The direction in which L is at its minimum vali® the
direction of rotor flux (save the sign)

9.5.2 Anisotropy

In an interior permanent magnet synchronous mac(iiP®l), the structure of the magnetic
circuit is not symmetrical in all directions. Inctain correspondence of the magnet (which has a
permeability similar to that of air), the equivaleir gap is larger.

The inductances of the three stator windings waNé the following behaviolf, in electrical
radians) (the harmonics higher to the second agkecied in the series expansion):
Lsa(Hm) = Lso + LSZ [COSQ[Gm)

L6) = Lo Ly OSQ B, + 2 7)

L(6) = Lo+ Ly B0SQ B, = 2 7)

The mutual inductances between stator windings bemgar trends.

Therefore, if you place the reference fixed with thtor flux, it will still La<Lq.

The value of the inductance{6,,) can be obtained using the differential equatibthe phase
"at

Vsa = RS [ﬂsa + Lsa(em) dlsta + esa

with es5is proportional to the mechanical speed.

Another technique is to add a high frequency veltem the voltage reference (required by the
regulator). As a result, this voltage imposes oa #r gap (the resistive drop is certainly
negligible at these frequencies) a rotating magngéld at a speed much higher than the
mechanical speed. This field will find a magnetiwsture, variable with the rotor position. The
motor current will be equal to the sum of the caotrat the rated frequency plus high frequency
component modulated by the effective air gap (imtipalar by a function cos@,)). In a
reference fixed with the rotor (located at an eated angleBn estrespect to the stator), this
current is modulated with a function like co8(26n ). After applying appropriate
demodulation techniques, the result can be coresilden error. A PI controller can receive this
error as input and give the estimated mechanioggd@s outpuly, estis the integral of that
speed.
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