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ABSTRACT

This short presentation will treat of some usual and unusual CONTROL
STRATEGIES well suited for SENSORLESS DRIVES for SINCRONOUS &
ASINCRONOUS MOTORS ... we will start with some well known math
building block ( easy to implement in FPGA ) allowing us to construct simple
structures well suited for our task without entering in tedious details ...

We will see some SIMULATIONS to understand some statements better ...

The simulators , which I use normally to verify new solutions and to test some
custom controls , are very Spartan , but they contain a function library that
have been well tested and optimised for motor control in the last 30 years ...

I started to control a power induction drive developed by two professors of mine
in 1971 and afterwards , up to date , I designed several controls for many
different drives ranging from 1W to 2 MW.

I want here to thank Thomas A. Lipo for the good advice and
suggestions he gave to me during the development of a FOC traction power
drive in 1989 for Ercole Marelli Trazione.

I think that a PROBLEM SOLUTION is
g00d when it is SIMPLE and IT WORKS ...

The SOLUTIONS are of primary importance , not the problems ...
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CLARKE TRANSFORM

L o I .—%’ % Iim
N QU ——— > Ire
120 In Re——— 3 /2 QU .
% ———»Tim 2
. 120° e Ire

DIRECT 3/2 Xre=X1 Xim= V3/3 (X3-X2)
INVERSE 2/3 Xiz=Xre X2= —(N32Xim+V2Xre) X3=—(X1+X2)

With this simple direct transform we can convert a 3 phase vector in a 2
phase orthogonal reference where it is simpler to perform any calculation

because the vector has only two orthogonal components ( Re & Im)

In the 2 phase reference we will perform all the

vectorial operations we need ...

At the end we can return in the 3 phase reference with the inverse

transform
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PARK TRANSFORM

The PARK transform allows us to perform a lot of operations
on our vectors in a fixed or rotating reference

DEPHASING a VECTOR

QU

Xre &—

QU

Xim &——

et

QU

— Yre

QU

——> Yim

Y=Xei€
X=Y/ei

o e

cos(€) sin(g)

Yre = Xre cos(e) — Xim sin(g)

Xre = Yre cos(g) + Yim sin(e)

im

SENSORLESS FOC
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Yim = Xim cos(g) + Xre sin(g)

Xim = Yim cos(e) — Yre sin(g)
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Passing in the most useful REFERENCE

SINCHRONOUS MODULATION

o oI 0y . Q . FIXED REF.
ROTATING REF.
MOD QU X
XQ e— ——— Xim D
- —>

&L
cos(D) sin(D) XD=:

SINCHRONOUS DEMODULATION

'O
L
&)

A
- FIXED REF. Q
Xre 6—— —» XD i

0, DEM X ROTATING REF.
Xim &—— L — »Xa D |:>
(%] y o
cos(D) sin(D) re, XD, D
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VECTOR COMPONENTS

Often , for many purposes , we have to PROJECT a vector to obtain its
COMPONENTS on another vector ...

A A

im im V

Ya X N |

Yd=|Y|cos(e) Yq=|Y]sin(e)
Yd = ( Xre Yre + XimYim) / | X|
Yq=(XimYre—Xre Yim) / | X|

YD

These formulas ( all particular case of a Park transform ) are very useful to project Is
on the D axis to obtain Id & Iq or on the Vs axis to obtain P & Q ; in any case , we
obtain a couple of scalar values that are the input of our regulators ...
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VECTOR

MODULUS

In 1986 , I developed a very fast algorithm to calculate the modulus of the vector without using the square
root , using the tangent symmetry that repeats every 45°...

X

Xim

(0.4

Xre =M cos (a) Xim = M sin (a)
Xim/Xre = tan(a) =T

Xre + Xim = M ( cos (a) + sin (a))

cos (a) + sin () = (1+T) / ¥ 1+T2

F(T) = V1+T2/ (1+T) = 1/ ( cos (a) + sin (a) )

M=(|Xre|+|Xim]|) « F(T)

The F(T) is stored in a look-up table indexedby T: F(0)=1fora=0 and F(1)= \2/2 for a. = 45°

1) Num = ABS ( Xim)

2) Den = ABS ( Xre)

3) IF Num > Den THEN SWAP Den, Num
4) Pointer = (Num / Den) * TabLen

5) M= (Num + Den) * F ( Pointer )

‘Absolute Value of the imaginary component

‘Absolute Value of the real component

‘To obtain Num <= Den ( Ok range from 0O to 45°)
‘Preparing the pointer according to length of Table F ()

‘Ok the modulus is ready and valid for any angle o

SENSORLESS FOC 20




EQUIVALENT CIRCUITS

ASYNCRONOUS MOTOR

Rs Ld: It Ir  Ldr Er
b — -

— A — R ———
In
W Es Ec Er Vr
L

Er=Vr+Rrlir Vr=jw ®r

SYNCRONOUS MOTOR Irs1
-
> WRs | Vs L=l
Vs Er'()
Er=jodrkK
Er=j w ®rKe a=90° o
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MOTOR MODELS

This structure can change if accurate positioning is needed or for special tasks ...

(.DSET ()3
I r 1/s Devend
epending on
@%ET (XSE:l PWM strategy
NOMINAL ‘“nl_D MOTOR [ Vsre |Vs|
LOAD S or
MODEL | MODEL —Vsim Ols
QsET
1 SPACE SIN-QUA
A from REGULATION — Ala Alp AO REslom o
ASYNCRONOUS MOTOR SYNCRONOUS MOTOR
Ild=®r/Lm Ws = Wr + Wslip id=0 Ws = Wr
Ig=I1d WslipTr Tr=Lr/Rr Ig=Tt/Kt Ke = Er/ Wr
Tt=Kt Id Ig Kt=3/2PpLm?/Lr Tt =Kt Iq Kt = 3/2 Pp Ke
Vd = Rs Ild — ws Lk Ig + Kd Ald/At Vd =Rs Id — wr Ls Iq + Kd Ald/At
Vg=Rslq+ WwsLsld :KqAlg/At Vg=Rs Iq + wrLs Id + Er + Kd Alg/At
Lk =Ls —Lm2/Lr Er = Ke Wr Ts=Ls/Rs

MODELS may be also ADAPTIVE or SLIDING ...

SENSORLESS FOC 22




A GENERAL APPROACH ...

We know Vs because we generate it at every iteration and we also know Is by measurements ; if we
suppose to know the D direction ( rotor flux ) , we can calculate all the other values we need ... this task is
quite simple if we consider only a steady-state condition but it becomes very complex to obtain an exact

Normally the best way is to consider the steady-state solution and
compensate it with some well suited added dynamics ...

solution during fast transitory.

a=atn(lq/Id)
B = atn(-Vd/Vq)

@=B+90°%a
A=3/2IVsllisl
P= A cos(o)
Q= A sin(g)

Q

Now we will consider a
general approach valid
for a generic motor but

then we have to consider
two separate solutions

for synchronous or

asynchronous , but ...
with little differences

The main problem of any SENSORLESS FOC drive is to know :

Which is the actual angle of the D axis ??2? ( Rotor Flux direction )
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At present time there are lot of solutions to this problem , but we
will try to find out some solutions related to the performance
that we need for the specific application.

If we have not a D REFERENCE , we can use a VIRTUAL
one and helped from model consistency we can correct our model

parameters or commands until the VIRTUAL D REFERENCE
will overlap the real ACTUAL D REFERENCE correctly.

This method works well and it is quite easy to implement in
FPGA , it is also self convergent and robust and can be adapted
to the desired performances of the drive ...

With little differences it works on INDUCTION or PMSM ...




BASIC CONSIDERATIONS

A motor model calculates Vs and so we know , in function of Idset & Igset, wset ,
aset,... Vd, Vq,pB,0, ..., and so we can derive the D virtual direction angle.

Measuring Is , after few calculations , we obtain the Is components on D & Q
that we define as Idm & Igm ( from real and true measurement )

Supply Voltage
VECTOR >
MOTOR
&
LoAD | Is
MODELS feedback

[
Olset
or (Dset

If we compare the measured
currents [dm & Igm with the
currents Id & Iq used by our
motor model , we can correct
these in order to obtain in
output of the motor model a
new vector Vs which will give
us in a very short time (few
iterations) a coincidence of the
real measured current with
the one used in the model.

--Per

At the equilibrium point the motor currents and the model currents are the same
... but we don’t know if the model parameters and the torque reflects the reality ...

In any case , this method is autoconvergent and the practical results are
sufficient for a lot of practical applications ; precision and dynamic depend only
on the regulators we decide to use ... the system is optimally decoupled ...

SENSORLESS FOC
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MOTOR is SELF-REACTIVE

The autoconvergence of this sensorless strategy is greatly helped by the motor
characteristic impedance , and this is true for any motor type

Le we suppose that the LOAD is increasing
ROTOR begins to DECELERATE
Rotor Direction LAGS from our Virtual D

Er LAGS with the same angle €

Vs — Er start to increase on the impedance
Is leads and augments its modulus

Iqm becomes greater than our model Iq

So we increase Igset in our model and the
resulting Vs gives to the motor a greater torque
that accelerates the rotor in order to obtain a
coincidence of the rotor direction with our virtual
D reference ; at this point we have restored a new
equlllbrlum point with new correct Id & Iq

We have used a ROTOR D REFERENCE
and a CONSTANT ROTOR FLUX!!!

This choice will adjust any rotor parameter detuning in Rr, Lr, ®r, or, Tt ...
but if we pay attention to the stator parameters we will see good news ...
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STATOR CONSIDERATIONS

Even if the motor model is related to rotor flux ( as it is obvious in PMSM ) also
parametric detuning in the stator is well controlled.

Vs2

Vsi

Er

Id1

Is1

Is2

Iq2

Id2

D,

The supply voltage is the main
stator controlled variable.

If we suppose that ( for a stator parametric
detuning ) Vsl pass to Vs2 , we will obtain
new measured Iq2 & Id2 that are very
different from the Iql & Id1 of the model.

Only to understand , we have exaggerate a
lot in increasing Vs !!!

The flux and and torque have a great
apparent increase ... the controllers restore
the sYstem up to the coincidence of the
model Is with the measured Is , and at this
point also stator parametric detuning is well
reduced ... Rs, Ls, ®s ...

The rotor & stator detuning is so well reduced ... but a decrease in Lm (saturation)
can produce a loss of flux & torque (we work at constant current) , especially at
very low speed or at starting phase ... it is possible to compensate these effects.
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TYPICAL SENSORLESS

This structure is very general one and is also well suited also for POSITIONING
purposes ... normally we use a projection of Is on the D axis ( rotor flux ) , but
sometimes , for special applications it is better to project Is on Vs axis , thus
obtaining the active & reactive powers P & Q and use energetic methods ...

©DC
BUS

To reach a good global e 25 e O e

s«

dynamic and stability,
we must not stress the
complex conjugate poles
of the system in any
way ... the position and
speed sets must be
previously well and

1|

MOTOR Al PW =
3PH =
MODEL Ols ey E

properly filtered to o dqu [ oo | Ire
reach the final goal to REG av | TO | niml 32
achieve a smooth action. i ROTD [*

For the regulation block on AI , we can use the strategy we prefer , but we have to
consider all the dynamic characteristic of the PWM & MOTOR we use ...

In order to obtain a good dynamic and stability , we have to consider that the Iq
(Torque) regulator can be generally fast but we must pay attention to the Id (Flux)
regulator and use this feedback action in a light and smooth way ... some filtered
functions of Ald are sometimes used to perform a dumping on the whole drive ...
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Time Optimal Control

For accurate positioning we advise you to use the TOC strategy that has a lot of useful
advantages and it is simpler to implement in FPGA than other old strategies ...

General Optimal Control tends to minimize a “cost function” and it is generally complex ,
but if we want only to optimise the SETTLING TIME , it becomes very simple and

reflects the fundamental dynamic law ®? = 2 Acc @ , and so, the tracks in the phase
plane of such a system are pure arcs of a parabola.

POS REG f(ng max System
+ + € el f(g) + -_
o T Xset O - O—1K G Y
Olpos "> Epos ocC Acepos — —re ®)
1/s + 1/s

Olset set et

TOC strategy gives us directly POSITION , SPEED , ACCELERATION sets that
the motor regulator requires and has many advantages over a classic PID regulator.

1) Very fast and perfectly controlled positioning without any overshoot

2) The best stability with null error at the positioning end

3) Absolute tracking on ramps also with no explicit integrative actions

4) Energetic optimisation of the PW driver and of the motor during positioning
5) TOC is simple , precise and robust in all the operative conditions
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SIMPLIFIED SENSORLESS

For speed-only control in low cost and medium
performance drives, we can simplify our system ...

IIR2 AUX CONTROL FUNCTIONS
SMOOTH [«—® RPMset Can SET : RPMset , Mset , Olset , Ols , |Vs |
& DER Monitoring :  Vee, Iec, and other signals ...
® o 1/s | | ii DC
O)Set S-(Oset BUS
Vee @set|  Olset VCCI
NOMINAL Tqset MOTOR % e Hew L
LOAD | MODEL lvs| | W HH 3
MODEL M W
-
Alq AQL
Iccset Alce . lcc
REG

This is an example of a complete drive we have used for a low-cost but high-speed
BLCD motor ; the only feedback is Icc ( DC bus current ) which is a scalar value
and that it is easy to measure. This motor is unstable (in open loop condition ) in the
region of the medium speeds. The A Icc regulator can stabilize the system in
any operating condition and optimise the Id nulling also for large load variations.

SENSORLESS FOC 33
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OPEN LOOP DRIVES

For speed control in very low-cost and low dynamic performance drives , we can use
only a simplified motor model and act in feed-forward mode on the motor ...
Normally it works well ... , but in rare cases something wrong appears ...

A

Im + Also in steady-state conditions , all the motors have a

\\ transfer function with some complex conjugate pairs.
IS{PIE%E Some pairs are generally well-damped while other pairs
are under-damped and this fact depends from a lot of
STABLE factors ( speed , Tload , moment of inertia J , viscous

OK friction B , ... ) and parameters as R & L.
ME D
SPEED In rare cases and for unusual motors and in certain
LOW operating conditions, can happen that a complex
SPEED conjugate pair assumes a positive real part ( as in the
UNSTABLE  oraph on the left ) ; in this case the motor becomes
-l absolutely instable ( also in open loop ) and stops in a
Re- o Re+ dangerous situation with very high currents.

If you have any reasonable doubt that your whole system will be unstable or its
behaviour is not well damped in open loop , we advise you to use an Icc
feedback as we have seen in SIMPLIFIED SENSORLESS.
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PWM MODULATORS

Considering the power driver , we can divide the drives in three categories :

POWER KW FREQUENCY SWITCHES

LOW up to 1 KW 16 =~ 24 KHz MOSFET (TRANSISTOR)

MEDIUM 1+100 KW 2 +18 KHz | G B T (MosFET)

HIGH over 100 KW 0.4 + 5 KHz IGBT -GTO

25 =T Commutation losses increase with the
KHz frequency , so at present state of

20 switch technology , we must reduce

16 KHz the operating frequency of high

mEmteesemeermeR T """ === power modulators ; in these cases is
useful to adopt HI- EFF strate gies.

For LOW & MEDIUM power is
10 advisable to operate over 16 KHz in

15

order to work in the not audible
range. All we hope to have in the

\ future high power IGBT working at
higher frequencies with low losses.

5

W

0
1 10 100 1 103 1 104 1 105 1 10‘S

High operating frequencies ( well handled in F P G A ) give us low
harmonic contents, shortdead-time and minimum Ton & Toff
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Modulation STRATEGIES

Considering a monolevel 3 phase modulator we have 8 combinations ; 2 are zero
vector , and 6 active vectors ( 2/3 Vcc ) that define the voltage hexagon.

With the old natural S I N modulation we can have unc]ifpped sinusoidal voltages
with maximum amplitude of 2/3 Vcc ( yellow region in the figure ).

But if we offset the 3 inverter potentials
with 3 identical voltages (also varying in
the time), concatenate«% voltages and phase
currents in the motor remain identical.

This fact allows us to have a lot of solutions
to obtain higher unclipFed sinusoidal
voltages ( red region in the figure )

All researchers have their own preferred
offset receipt , and personally I prefer HI-
EFF modulation ( I developed in 1995 ) for
the reason that can use all the red region ad
above all because reduces the commutation
losses by a factor 2/3 = 0.667 ( 33.3% gain )

In literature you can find many other
solutions so to select the best.

The SPACE VECTOR modulation is a time weighted average of the basic vectors
with 2/3 Vcc amplitude and can operate in all the voltage hexagon ( blue region in
the figure ) ; but also in this case , if we go out of the red circle , we will obtain
clipped sinusoids (SATURATION). !!! The hexagon perimeter is a square wave
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Modulation TIPS ‘N TRICKS

When the motor speed is high , also voltages are high and so at a certain operating
point , and in function of Vcc , SATURATION appears and we must pass in square
wave supply voltage which has a fundamental peak value of 2/t = 0.637 Vcc.

To avoid hard transitory we must SM OO T H this change...

1

Method 1 is a weighted average of a
sinusoid with a square wave in order to

0.9

08 obtain the same fundamental value ; it is
01 simple to implement acting on the SIN

v reference , and I named SIN-QUA
0 Method 2 is a calculation of a family of
Met. 1 04 Met. 2 clipped sinusoid that must have the
Same o CLIP desired value for the fundamental ; it
\'B & A\ requires a look-up table because
* calculations are too long to be
01 rocessed in real-time , and I named

IN-CLIP

0
0 15 30 45 60 75 90 0 15 30 45 60 75 90

When the modulation coefficient ( m = K |Vs| / Ve ) is raising to its maximum
value , before saturation condition , we have to smoothly pass to the square wave ;
the use of method 1 or 2 depend on application requirements and on other factors ...

In square wave condition , we can’t control by the means of voltage and we can
only pass in field wakening condition and start to advance the voltage vector ...
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TRANSITORY LIMITING

Here we have an example of pattern change with & without preventive squaring ...

COPPIA e grandezze elettriche FILTLIN == PUN == COPPIA e grandezze elettriche FILTLIN == PUN ==
475.53 211.9%6 1600.0 1587.9 469 .84 214 .54 1600.0 1585.3

CtraF ILI"I, , , Upan UCH Filtro OK CtraF ILM Upan UCH Filtro OK
- TdIns]l Z0.0 OK &‘ I I I I TdIns]l Z0.0

Yzoom 1.0 Yzoom 1.0

Fsta 54.425 Fsta 54.2087

Frot 53.900 Frot 53.900

‘ Scor 0.525 Scor ©.387

» Ctra 50.37 Ctra 49.77

. ‘ Flux 99.70 Flux 100.24

o ———
ey Pty
Tinv 2.045 Tinv 2.035

T T

KMod ©.91364 9 / 7 7 / 9 KMod ©.91182
Nim 9 Nim 9
9 / 7 7 / 9 Em-h 38.4 Em-h 38.4
NEL 0.0 NEL 0.0

1600 56.00 1.000 1.000 1600 56.00 1.000 1.000
Upan Cref GSFil GRInv Upan Cref GSFil GRInv

The simulations have the same identical characteristics ; this is the same pattern
change in a LF PWM MODULATOR from and to 9 & 7 pulses in one period ...

This happens because the stator flux track is not the same for 9 ( pseudocircle ) and
7 ( hexagon ) pulses ; with this simple method we can change on the fly and at any
time the pattern because SQUARING brings the flux track on a hexagon smoothly

SENSORLESS FOC 46




MODULATION HARMONICS

The PWM MODULATION generates a lot of HARMONICHS whose
amplitudes decrease while the modulation frequency increases ... so
where it is possible use an high frequency modulator ,... FPGA driven.

VOLTAGE HARMONICHS have order 6 K +/-1 ( with some exceptions)
CURRENT HARMONICHS have order 6 K +/~1 ( with other exceptions)

TORQUE & DC BUS HARMONICHS have order 6 K plus NK ...

This is only a general rule , with the order K referred to the stator frequency
the harmonics vary their own frequency in function of the motor speed ... and
change their amplitude in function of the modulator frequency ..

Sometimes it happens that the DC bus is pre-stabilized by a CHOPPER ... and in
this case every harmonic beat with the chopper frequency generating sum and
difference components that scan quickly all the spectrum analyzer range .

A reduction of the global harmonic content ( or better a frequency shlft in a not
dangerous range ) is generally possible varying the pulse position inside a pulse
pattern or using ( moderate ) spread spectrum techniques...

To reach a LOW HARMONIC CONTENT it is strongly
advisable because line current harmonics can negate an
homologation and torque harmonics can destroy motors
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The future of power drive is a converter without DC bus which can use directly
the 3 phase line with very reduced reactive components ...

Operational theory is just ready , some prototypes are
running , but for mass production we have to wait for fully
integrated high speed bilateral switches ...




SYSTEM DIAGNOSTICS

Depending on the system requirements we can obtain a lot of useful information
from the relation between impressed voltage Vs and the feedback current Is ...

It is possible using only 2 phase currents to obtain Low level diagnostics but ,
for more sophisticated diagnostics we need all the 3 phase currents ...

I suggest you should perform a complete system check every time the motor stops
and before restarting it ; some tests with rotor stalled are a lot simpler than a real-
time diagnostic test performed cyclically at fixed times with the running motor ...

In a sensorless drive , which uses a NOMINAL LOAD MODEL , is (cilluite easy to
recognize some system faults like : Abnormal load , Blocked rotor, Idle running

For more sophisticated real-time diagnostics and parametric detuning like R or L
variations , the task is generally hard and the blocks involved have sometimes the
same complexity of the whole drive ..

Many motor or system behaviours may be detected observing the track
variations of the current vector in a rotating frame referred to D axis or Vs axis.

At gresent , the top is the real-time PREDICTIVE DIAGNOSTIC that can observe
and predict the system evolution but with a large computational effort

As an jcxamfple we can observe the torque ripple pattern using DFT on some
harmonics of the rotor f_re?uency and detect anomalous conditions of the ball bearing
and alert in advance their fault.

For other tasks we can also use Injected sign and Wavelet transform ...
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