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Summary

The purpose of this lecture is to show specific problems in the field
of high-speed permanent magnet synchronous machines (PMSM). During
design, control or stability analyses for such machines, it is necessary to
consider properties not present in traditional ""'low speed” PMSM. From the
machine modeling point of view it is e.g. the air friction. In high-speed
machines, this can cause more losses that bearing friction. From the
controller point of view, both linear possibilities of control are handled. It is
the control of instantaneous current values and field-oriented control (FOC).
The focus is however on FOC as it provides a higher dynamic of the
system. Results from the experimental setup created at the Czech Technical
University in Prague, faculty of mechanical engineering are show. Stability
issues in both open loop V/f control and FOC are handled next. The stability
analysis in open loop shows interesting results and gives directions for the
choice of stator resistance/inductance ration and the influence of load. It
also shows that the machine parameters change due to temperature of
variable frequency have a significant impact on stability. For closed loop
FOC the influence of time delay in the controller on stability is examined. It
is shown, that for a stable FOC, the controller delay has to be lower that
around 1/20 of the electrical time constant of the machine. Else the control
loop becomes unstable. For traditional "low speed” PMSM, the relatively
slow controller is not a problem. For high-speed PMSM, this can however
be the key issue as the electrical time constant of the machine can be in the
order of tens ps. For a standard Digital Signal Processor (DPS) controller,
the time delay is also in the same order. For this reason, the last chapter
contains some information about the newly developed Field Programmable
Gate Array (FPGA) controller. The comparison with DSP shows that the
FPGA controller has about 150x lover time delay. The calculation period
was in this case 440ns. It is therefore suitable for present and future high-
speed PMSM while maintaining the advantage of FOC; its high dynamic.



Souhrn

Zamérem této predndsky je ukazat specifika vysokorychlostnich
synchronnich stroji s permanentnimi magnety (PMSM). U této skupiny
specialnich stroji je tfeba pii jejich navrhu, fizeni a analyze stability brat v
uvahu vlastnosti, které se u tradicnich "pomalobéznych" PMSM
nevyskytuji. Z hlediska modelovani se ukazuje nezbytnost pro vysoké
otaCky uvazovat tieni vzduchu. To miZze zplisobovat vétsi ztraty néz napft.
ztraty v loziskach a vést tak k nepfesnému modelu stroje. Z hlediska fizeni
jsou shrnuty oba pouzivané linearni algoritmy a to fizeni okamzitych hodnot
proudt a vektorové fizeni. S ohledem na vyssi dynamiku vektorového fizeni
je duraz kladen ptfedevsim na vektorové fizeni. Jsou ukazany konkrétni
vysledky na experimentalnim pracovisti vybudovaném na strojni fakulté
CVUT. Dile je zkoumana stabilita synchronniho stroje a to jak z hlediska
fizeni v oteviené smycce U/f, tak i pfi zpétnovazebnim vektorovém fizeni.
Z vysledkt analyzy stability v oteviené smycce plynou dilezité zavéry pro
konstrukci stroje, konkrétn¢ pro omezeni vhodného poméru odporu
statorového vinuti, indukénosti, zatizeni atd. Také zména parametri stroje
napf. pfi zméné teploty ma podstatny vliv na stabilitu. V uzaviené smycce
vektorového regulatoru je feSen vliv dopravniho zpozdéni zptisobeného
algoritmem regulatoru na stabilitu. Je ukdzano, ze pro stabilni fidici obvod
je nutné, aby doba vypoétu regulatoru neptesahovala cca 1/20 elektrické
Casové konstanty stroje, jinak je regulaéni obvod nestabilni. U klasickych
synchronnich stroji, kde je elektricka ¢asova konstanta velka, a relativné
pomaly reguldtor nehrozi riziko nestability. U vysokorychlostnich stroju,
kde elektricka casova konstanta miize byt v fadu desitek ps, neni ale mozné
pouziti klasického DSP regulatoru. Ten ma zpozdéni také v fadu desitek ps
a vedl by k nestabilnimu regulaénimu obvodu. Proto je v posledni kapitole
prace ukazana moznost realizace vysokorychlostniho vektorového
regulatoru s vyuzitim programovatelné logiky (FPGA). Jsou srovnany
zpozdéni DSP a FPGA regulatoru a ukazano, ze FPGA regulator dosahuje
cca 150x mensiho zpozdéni nez DSP regulator. Doba vypoctu je cca 440ns.
Proto je vhodny pro soucasné i budouci vysokorychlostni PMSM, kde
umoziuje  vyuziti vysoké dynamiky vektorového fizeni 1 u
vysokorychlostnich strojt.
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Introduction

In the last years, a new trend in electrical machines is emerging. It
is the usage of high-speed machines. The permanent magnets from rare
earth elements like Sm, Co, Nd, Fe, B etc. allow to create high magnetic
flux in a restricted area. This allows the construction of powerful motors
with small size. Compared to same power and same application, an
induction machine is usually smaller than DC machine and so is the
synchronous machine compared to an induction machine. The trend is
clearly visible in Table 1.
There are already many applications for high speed machines that the
normal user is not aware of. Let me take an ordinary hand drill as an
example. For the reasons of constraints of size and weight the motor driving
the drill is not a DC or induction machine. Another example, an electrically
driven turbo compressor is shown in [30] “As an example, one large turbo
compressor can be replaced with 16 compressors, each with a volume of
1/64 of the conventional compressor, which together has the same output
power but requires only a quarter of the volume of the conventional
compressor. The diameter of the small units would be % of the original one
and the rotational speed would therefore increase by a factor of at least
4..... Downscaling of a macro turbo machine for constant specific speed
and lower volume flow therefore leads to an increase in rotational speed....
The overall volume of the electrical machines in the example above is also
Y% of the original one.”
From this comes the idea to use high speed machines also in other
applications with size constraints. As it was shown in [32] “The target
maximum speed of the motor is 240,000rpm. The rated output is 5kW but
the motor dimensions are small enough; the stator diameter is 60mm, core
stuck size is 40mm and rotor diameter is only 20mm.”
There is a high industrial demand for high-speed machines as can be seen in
[24]. Applications such as micro gas turbines, compressors, blowers,
pumps, hybrid electric vehicles, turbo molecular pumps, machine tool
spindles are mentioned. Some of them are a 556 kW, 3000 rad/s induction
generator, 3300 kW, 1100 rad/s turbo compressor, 1000 kW, 1500 rad/s
PMSM generator, 10 kW or 18000 rad/s induction motor.

An important issue with high-speed PM machines is theirs control
modeling and stability. 1 will address some of the problems | have been
working on in this thesis.



Table 1 - Power density of different machine types*

Type DC Synchronous | Induction | PMSM | High-speed High-speed | High-
motor wound rotor Motor PMSM 1 PMSM 2 speed
PMSM
3
Power 535 1130 1020 720 0,1/0,2 3 2
[kw]
Without/with
cooling
Weight 1560 1525 1260 720 0,038 14 1,3/2,4
[kal (with
cooling)
Power 2,9 1,35 1,23 1,00 0,38/0,19 0,47 0,65/1,2
density
[ka/kW]
Nominal 40007 40002 40007 40007 500k 240k 200k
speed
[rpm]
Applica- TGV TGV Eurostar AGV Celerotron Micro- [3°
tion Paris- Atlantique (1994) (2004) CM-2- Combined
Sud est | (1989) [1] [1] [1] 500[2]° Heat and
(1981) Power,
[1] MTT,
Eindhoven’

Modeling high-speed PM machines

In order to estimate the controller setting and handle controller and
stability issues, many models of PM machines have been created [20],[25] -
[29]. For high-speed machines, more parameters have to be considered in
the model like e.g. air friction losses [22]. In traditional “low” speed
machines, this can be safely neglected, but for high speed machines air
friction can be more significant that bearing losses [31].

1 It should be stated here that the comparison is not really fair; the motors are for different
applications. The comparison is here purely to give an idea about power density

2 TGVweb, Under the Hood of TGV, online, accesed 23.10.2012, available on
<http://www.trainweb.org/tgvpages/motrice.html>

% Weight obtained on 26.9.2012 from Arda Tuysuz, ETH Zurich, Power Electronic System
Laboratory

* Data obtained on 25.10.2012 from Aleksandar Borisavljevic, Electromechanics and Power
Electronics group, Eindhoven University of technology

® Dimensions and material data obtained on 22.9.2012 from Pierre-Daniel Pfister, Moving
Magnet Technologies SA (MMT), Besangon, France
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The simplifications and assumptions of the model | have developed are
stated in the full version of my thesis [nm1].

did R, . 1 Lq H 3 pp .

S =—2,+—V,+—1w+——(L, —L, )1l 1
dt de de qu ZJ(d Q)dq (1)
di. —

_qZEiq_ﬂJrdi_iidw (2)
da L, L, L, L,

do 300 . DB B P e

- = ] __Cl)——T _ p Ir_ r|C|ona) 3
gt 23 ™y T 3 e

When the model is developed, the individual properties of the model have
to be identified. To identify electrical parameters, one can use the transient
method from [28]. The motor winding is powered with DC current, a
transient (either on or off) is created, and winding inductance is calculated
from the time constant. The winding resistance has to be measured as well
to allow inductance calculations. The magnetic flux linkage W , is usually
calculated from the machine nameplate data.

The used motor nameplate data used in my experiments are summarized in
Table 2.

Table 2 - PMSM nameplate data

Manufacturer:
Motor type: 2AML406B-090-10-170
VUES Brno
Ve = 560 V Ny = 25 000 Min™ | Npax = 42 000 min™
lhoms=11 A K_E =7,3V/kRPM
T,=12Nm

As we have shown in [nm2], the mechanical parameters such as
moment of inertia and friction can be estimated from motor start-up and
spin-down. The moment of inertia is

J =T£=O,98-L

=0,11-10° kgm? 4
Aw 27-572 [ g ] )
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Fig 1 — DSP Controller PMSM startup with Vdc =500 V, _Igreq = 9 A [nm2]

As can be seen from the model, air friction losses are considered.
This is important for high-speed machines as the losses caused by air
friction can have the same size as friction losses in bearings.

According to information from [31], where speed was 52000 rad/s,
friction losses caused by air friction were 8 W, whereas bearing losses were
10 W for two bearings. In this application the motor had power 100 W, the
friction and bearing losses represented almost 20 percent of the losses.

As the machine used for this research has maximal speed 4200
rad/s, it can be expected that air friction losses will be much lower. The
reason for this is that according to [31] power losses caused by air friction
are given

P

f _air

3,4
=C; 1P, 0| (5)

Where ¢ is friction coefficient, pg, is density of air at given
temperature and pressure, o is rotor angular mechanical speed, r is rotor
radius and | is rotor length.

Air friction torque is then

T, . =Cmo,0r'll @ (6)

f _air



And therefore the friction torque is a function of w? as it is used in the
model. The viscous friction coefficient itself is dependent on the size of air
gap and air flow in the air gap given by Reynolds and Taylor numbers.
Unfortunately, none of those parameters could not be measured or
determined precisely analytically.

For this reason an attempt was made to at least estimate bearing
and air friction with an experiment. It consists of accelerating the motor to
maximal speed and turning off the inverter. The rotor will spin down
naturally. The deceleration of the rotor is measured as a function of time. It
is obvious that when the motor is un-powered and unloaded, its mechanical
speed will decrease with losses until a complete halt. This is described by
the following dynamic equation

d_&) __ ppB — ppKair_friction (02
dt J J

It has to be noted here that this equation does not represent all
losses in the motor.

(7)

The solution of (7) is

o(t) = B-0(0) j (®)

Bt
8ol 7K -0(0)+K

&
air _ friction air _ friction : C()(O) ‘e

Equation (8) was used to find coefficients B and Kgir fricion from
experimentally measured PMSM rotor deceleration. The search was done
with a least square method in Matlab.

The comparison on Fig 2 is a best match that could be achieved by varying
just parameters B and Kgir friction - AS Can be seen, the match good for high
speed, but bad for low speeds. The reason is that other losses in the motor
have been neglected. One is the loss caused by eddy currents. As the
permanent magnet is rotating, it induces currents to the stator windings and
stator iron. Also there is an interaction between the permanent magnet and
those currents. Stator core losses could be determined by the Steinmetz
equation [35],[36].

I:3:0re = Cm ’ fa ’ Brﬁat_m (9)
Where C,,, a and $ are material constant, B, m is peak flux density and f is
frequency of the current.
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Fig 2 — Comparison between measured (blue, solid line) and modeled PMSM
deceleration (red, dashed)[nm1]

It can be seen that losses are a function of frequency i.e. rotational speed.
The function is nonlinear. Unfortunately this calculation is impossible as
the stator material is not known for our motor. Considering those
simplification, the presented fit can be considered an approximate model.
The model parameters determined in this chapter are summarized in Table
3. Compared to standard low speed machine models, more parameters have
to be taken into consideration like air friction or bearing losses.

Table 3 - PMSM model parameters

Model Value and units note

parameter

R (mQ) 210 [mQ)]

L (uH) 1,1 [mH] forl=1,=11 A

W 0.072 [Wb]

J 0.11.10° [kgm?]

B 8.2.10° [N.m.s.rad”]

Kair friction 1,3.10 [N.m.s.rad™] Very small, could be significant for higher

speeds
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For high-speed machines, especially ones with lower power rating, around
100 W those losses can represent around 20 percent [31] of the rated power
and it is not possible to neglect them any longer in mathematical modeling.
For medium power high speed machines, those losses can be neglected only
when the speed is relatively low or the lower model precision is sufficient.
To improve model precision more parameters like eddy current losses,
reluctance torque etc. could be also taken into consideration.

Control of high-speed PM machines

There are basically two linear possibilities of PM machine control. The first
is to control the instantaneous value of currents in phase windings; the
second is field-oriented control. Although | have been working on both
methods, | will present here only some results with the second. As can be
seen in paper [18] high-speed PMSM controller system and experimental
results can be obtained. In this case the application was centrifugal
compressor for a cryo-cooler. The parameters of the used motor were : 4-
pole PMSM, 100 W, 10000 rad/s, 28 V. The controller is based on a Tl
TMS320LF2407A Digital Signal Processor. As it is clear from the paper,
there is in fact only an open loop control, without a feedback from the
motor to the controller. The authors use a classic V/f control to achieve the
desired speed. The described system in [19] is running at 52000 rad/s, 1kW,
400 V, 1 pole-pair. The controller is based on a Microchip dsPIC30F5016
Digital Signal Processor and it is using a sensor-less rotor position
estimation based on stator-flux zero crossing detection with a discrete
integrator and comparator circuit. Rotor position and speed calculation is
then done on the DSP. "Since all considered applications need only low
dynamics of the speed control, simple torque control via the dc current is
sufficient, which allows for a single, non-isolated shunt current
measurement. The current reference is set by the speed controller” [19]. If
high dynamics would be required, this approach would not be sufficient.
Control of a high-speed PMSM motor is described in paper [23]. It shows
the calculation of an optimal V/f profile. The specific PMSM has rated
speed 5200 rad/s, 28 V, 4 pole, 5 A. Based on this motor parameters the
authors provide means to optimal V/f profile calculation. The normal linear
V/f profile cannot be used, as according to the authors the stator resistance
is always higher that reactive impedance in the operating range. There is no
feedback control in this system. The general block diagram of a controller
system that uses this approach is shown on Fig 3. It has two parts. One is
the power electronics, the second is the main controller.

12
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Fig 3 - Block diagram of controller system [nm1]

I have been working on both controller design and on the design of
power electronics in scope of our projects. The input to the controller is the
desired value of machine torque and flux. In case of an induction machine
the desired flux has to be non-zero. In case of PMSM the desired flux is
either zero for full magnetic flux mode or negative for flux weakening
mode. The flux weakening mode allows decreasing the magnetic flux of
permanent magnets. This allows reaching higher speed for the cost of lower
achievable torque. From the block diagram on Fig 3 it can be seen that two
phase currents i, and i, are measured. They are recalculated to the i, and is
currents with the Clarke transform from with equations (10) and (11).

i =i (10)

a u

i i, +2i,) (11)

RN R
7B BT B
Together with the instantaneous rotor position @ they are then used to
calculate the values of currents ig and iy with Park equations (12) and (13).

iy =i,sin(®)+i, cos(®) (12)
i, =i, cos(®) —i, sin(e) (13)

The controller compares the difference between the desired value of
torque/flux and values of currents iy and iy and produces the corresponding
control actions. The outputs of the controllers are voltages v'q and v'q. The
inverse Park transform using equations (14) and (15) produces voltages v,
and v’

V', =V, cos(@®) -V, sin(®) (14)
V', =V, sin(@) +V', cos(®) (15)
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They are used as inputs to the inverse Clarke transform block - equations
Output voltages v',, V', V', are used as inputs to the PWM, this is connected
to the power inverter driving the motor. One was a project for control of
high-speed PMSM for an electric automotive turbocharger, the other the
control of an electric power splitter for hybrid vehicles. The results of the
turbocharger project were published in e.g.
[nm3],[nm4],[nm5],[nm6],[nm7],[nm8].

T

=

S

L —id [A]

= —iq[A]

3

= — Ul [p.u]
=) —— f[Hz/100]
<

t[s]

Fig 4 - Curves of current components id , iq , amplitude reference voltage and
revolutions (frequency) during no load starting up till 4200 rad/s at load torque
changing suddenly from 0,21Nm to 0,44Nm - [nm3][nm7]

Fig 5 — Test bench with coupled high-speed PMSM, torque sensor, turbocharger
and inductor
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Fig 6 —Coupled high-speed PMSM start-up, currents and speed

The second project is a microturbine power generator. The project is still
running. Currently maximal speed has been achieved. Experimental results
show that the turbocharger is only a light load for the motor. As can be seen
from the obtained measured results, there are some stability problems and
therefore system stability has to be discussed as well.

Stability of high-speed PM machines

The stability of the Permanent Magnet Synchronous Machine
(PMSM) is an important issue. Although it may not seem so, the machine
itself can become unstable due to variance of machine parameters with
temperature, current and even applied frequency from the inverter. By
frequency, the fundamental current harmonics - variable with speed - is
meant here. Therefore for high-speed PMSM s it is crucial to investigate not
the stability of the whole system but that of the machine itself. Two areas
will be handled here, the stability of the machine itself due to design
parameters such as winding resistance or inductance and the stability of the
whole feedback control system.

Inherent stability of PMSM

Although it may not be obvious on the first view, PMSM can be
inherently unstable. High speed PMSM’s are usually not equipped with
damper windings due to space or losses constraints [4][5]. For some
applications an open loop V/f control is used. This has lower dynamic than
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vector control, is however less computationally intense and suitable for
applications with predictive load characteristics like fans or compressors.
When the inverter applies frequency exceeding a certain range, the machine
can become unstable [6]. Because both inductance and resistance of the
PMSM vary significantly with frequency, a significant margin in motor
stability is required [7]. The mechanical analogy of the studied magnetic
field in a PMSM can be a spring and a dampener. When too much force is
applied (from the stator field) or when the frequency is too high, the
permanent magnet is not able to follow and the stator-rotor linkage breaks.
This is equivalent to applying too much force on the mechanical spring. The
maximal load angle is limited to 90° as shown in Fig 7.

Torque vs. torque angle (Nm)

: //

Torque (Nm)

0 10 20 30 40 50 60 70 80 90

torque angle (°)

Fig 7 — Synchronous motor characteristics ( T versus o)

To study stability, one has to examine the PMSM model described by
equations (1)-(3). As I have shown in chapter 1, the air friction losses of the
motor under test are still low, even this is a high speed machine. For this
reason | will assume a simplified machine model without air friction losses
for this open loop stability analysis. The PMSM model in (1)-(3) can be
viewed as a non-linear MIMO space state model in matrix form [6].

[X]=[f(xu)] (16)

Where [x] is a state space vector, f(x,u) is a non-linear function of state
vector x and input control vector u. The input control vector u is a function
of torque angle & (function of machine load T), supply voltage V and
frequency ws.

In order to use standard methods for stability analysis, it is convenient to
use small signal linearization of (16) by examining small perturbations [4x]
in the space state model. The linearized version if the model is [6]
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of

[A%]= {G_L] [Ax] )

X

The eigenvalues of in such a way obtained matrix give complete
information about stability of the system. The system is stable when all
eigenvalues have negative real part.

- L L _
LRS L—qco, L—“iq L—VcoséW
Ai ! ’ ‘ ¢ Aiy 7 (18)
- -, -R, L. -V )
Ai, | - o, 1 —4i, L—sm S || Al
Awr - , q , q Lq q Aa)r
A 3P . 3p . -B
AS SPe(p _ 2% - AS
> (Lo —Ly)ig > {Wn+ (L —L)is] ] 0
| 0 0 -1 0o |

As it was shown in [5], the eigenvalues of the transition matrix vary
significantly with frequency and with load. There are basically two
categories of eigenvalues. The first category is well damper and stable poles
from the stator, the second category is lightly or negatively damped [9]
complex conjugate pole coming from the rotor. This is shown on Fig 8. The
well damped stator and lightly damped poles can be clearly seen. It can also
be seen than for an increasing power supply frequency, the rotor poles tend
to approach the unstable region with positive real part of the eigenvalues. In
a real high-speed machine, the machine parameters vary with temperature,
but also with current (torque). As the stator winding resistance R; is usually
small for high-speed machines (at least for low voltage machines [9]), it
varies considerably with load (temperature). For high-speed machines, R; is
large compared to stator reactance and cannot be neglected anymore. Also
the value of inductance is not constant, it varies with saturation, i.e. with the
machine operating point. Moreover, the permanent magnet flux linkage vy,
is varying also with motor current (load). As it can be seen from the
analysis of a 50 000 RPM axial flux PM motor in [9] the eigenvalues go
into the unstable region with variations of stator frequency and stator
resistance Rs. It is therefore imperative to conclude the machine stability
analysis already in the motor design phase.
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Stability of PMSM with feedback vector control

Even if the motor is designed to be inheritably stable in open-loop mode, as
shown in the previous chapter, if a high dynamic is required, a filed oriented
controller has to be used. The principles of field-oriented control (FOC) are
shown in chapter 2. The main advantage of FOC is the ability to achieve
higher dynamic of the machine and the possibility to control the machine
torque precisely. On the other hand, this requires a significant amount of
computational power available in the controller. As will be shown here, in
the case of high-speed machines there is also an issue of stability. Due to
the small stator resistance and inductance, the electrical time constant of the
machine is small. In the case of the herein described motor it is 5,2 ms. The
mechanical time constant of the motor is about 250x higher, in this case
1,3s. As the mechanical time constant is significantly higher, the
mechanical speed it is usually considered a constant in the analysis [10].

It was shown in the literature [13],[9] that the electrical time
constant can be as small as 26ps. Then the delay added by multiple sources
in the system, such as anti-aliasing filter, A/D converter, Pl controller
algorithm, inverter dead-time etc. can be significant. The final system is a
system with time delay and without proper precautions it can be hardly
controllable or even easily become unstable. It is therefore important for
high-speed machine control system to estimate the influence of delays on
the system stability.

The classical feedback control system for a PMSM was already
discussed in chapter 2, together with an example application. The system
diagram together with the estimate of the time delays in the system is shown
on Fig 10. From the estimated time delays in the system, it can be seen that
the most significant delay is in the controller itself. It is 66ps compared to
the electrical time constant of 5,2ms. This is acceptable for this application,
for the high-speed motor with electrical time constant 26pus in [9] it is not.

controller ~ 66ps* Power electronics and mechanics
Carrent sensor
+ Vg e VU dus L
torque ) [P1] Inverse Inverse | - i
= . |Park Vgl Clarke Wil PwM |8 EAHE] | Inverter
flux - Bl Ved Ihmfam Vew deadtime i
~ BOns*+filter
i " ~g67ns ~1us| ~1us
L T [fr|
o | i gy | mechanical
| A | Z
~4ms
] ~1us

* DSP
** FPGA

Fig 10 — Control system block diagram with an estimate of time delays — adapted
from [nm1]
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A detailed analysis of a PMSM time delay model with stability has been
done in [10]. It is based on the representation of all system blocks in the dg-
frame, inverse Laplace transform and Nyquist stability criteria. The inverse
Park transform can be represented in matrix form as in [10]

p(1)* - {Cos(a)rt) —sin(a)rt)}

| sin(wt) cos(mt)

; : L : (19)
Jot —jot Jot  A-jogt
(1| e™ve j(eht —er)
2 _J (ejwrt _ e—jwrt) ejw,t + e—j(urt
Considering an input in the dq frame, the output in of is
-1
s (8) = L{P (1) "+ (1) =
(20)

1 Xy (s+ oo, )+ % (5= jo, )= (%, (5 + jo, ) =%, (5= j3, )

2 j(xd(s+ja),)—xd (s—jcor)+xq(s+ja)r)+xq(s—ja)r))

Similarly, other transformations can be shown as well in the dg-frame [10].
An example how to estimate the delay of an anti-aliasing filter in the A/D
converter is shown in [11]. For the case of a sinc®-filter [12] and an often
used XA converter, the filter can be described as

sin(w'M) 3 3
. M-1
H(jo)= 1 \2f e’“[“m] (21)

M . 10}
sin| ——
2f,,

Where M is the filter decimation ration, fs, is the £A modulation frequency.
The filter time constant can then be estimated as

3-M

Ty ©—— 22
filter 2 ng ( )
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The stability of a MIMO system can be assessed with the multivariable
Nyquist theorem [14],[15],[16][17] or directly by calculating the roots of
the circuit.

With regard to the slow mechanical time constant (1,3s) and to the fact that
the PI controllers control electrical properties with time constant about
5,2ms, the linearized PMSM model described by (18) can be further
simplified. As the mechanical speed ® is changing slowly compared to
electrical properties, it can be taken as (pseudo) constant yielding:

— L
. R, | 1 0
{Idj|: L, L, {Id]'_ L, {vd} )
T, R 1w

Lq Lq Lq

The stability analysis is then done by calculating the roots of the closed-
circuit system. There are two Pl controllers, each described by its
corresponding transfer function REG

k,s+k,

L L

REG=| S ok (24)
Lo 2210

S

Together with the variable time delay D, the roots can be easily calculated.
The result is shown on Fig 11. The presented results have been obtained
with a time delay algorithm described in [37][38][39]. Some interesting
facts can be identified in the picture. First off all, the time delay in the
controller has to be quite small to for a stable system. The maximal time
delay identified here for a stable system is around 250us. The real controller
delay is 66us for the DSP system, rendering a stable system. However, the
time delay 250us is very small compared to the electrical time constant of
PMSM, in this case 5,2ms. It can be seen that the controller delay has to be
at least 20x lower than the electrical time constant. For a faster system such
as the one in [9] - 26us, the controller time delay would have to be around
1us. This is non achievable with a DSP system. For this reason I believe the
future is in FPGA based controller systems, at least for field-oriented
control of high-speed permanent magnet motors.
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x10° Root locus, high-speed PMSM
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Fig 11 — Root locus of PMSM - Controller model with time delay - detail around
origin

FPGA Control of high-speed PM machines
As it was shown in the previous chapter, one of the key issues in controlling
high-speed PM machines is to minimize delays in the control loop. Delay
cause problem in control system stability and have therefore to be removed
if possible. One possibility how this can be achieved is to replace the DSP
controller with Field-Programmable Gate Arrays (FPGA). The advantage is
that the control loop can run much faster than DSP, on the other hand, the
implementation, testing and tuning is significantly more complicated. For
this reason, there are only very few actual applications described in the
literature [28],[33],[34]. As our experiments with the DSP controller
implementation have shown a digital signal processor is quite suitable for a
field-oriented controller implementation. The described experiments with
high speed motor could be done up to the motors maximal speed of 4400
rad/s. The DSP had sufficient computational power for this speed, but for
higher speed its use could be problematic as it was running almost on the
limit.

As higher speeds are planed | have decided to develop a novel
field-oriented controller based on FPGA. The replacement of the DSP by

22



FPGA allows to remove the limitations caused by insufficient
computational power and to push the controller maximal speed to several
ten thousands rad/s. But the limitation of the controller is now removed and
it still provides much computational power for other task e.g. motor
mathematical model calculation for sensor less control.

The controller is currently based on a Xilinx Spartan 3E
development board with some modifications | have done. The
implementation results are the following. The FPGA controller itself is
running currently on 50 MHz but the speed can be increased to 150 MHz.
The limiting factor is the Picoblaze core that is capable to run only on 98
MHz. Therefore the speed is kept on 50 MHz to the time being. The
calculation takes 22 clock cycles. For frequency 50 MHz (20 ns) this is 440
ns. The DSP implementation needed 66 ps. As can be seen the FPGA
controller is significantly faster, around 150 times. Considering that no
optimization of the FPGA implementation has been done, there is a good
chance that if required this could be increased. Only by removing the
Picoblaze core, the speed increase could be of another 3 times making it
around 450 times faster than the DSP. The above given data are valid for
implementation of Id and 1q controllers only. When two other PI controllers
are added, for flux weakening and speed, an internal loop is created slowing
the design significantly. The speed is then around 15MHz. Nonetheless this
is still about 40 times faster than the DSP implementation.

Fig 12 — FPGA controller, resolver board, external inductance and tested motor
[nm1]
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From those results it can be seen that the FPGA implementation of
the PMSM controller removes the limitations imposed by the DSP
implementation and that in will allow us to reach higher speed with future
motors. In fact, the FPGA is so fast that even a sensor less control could be
implemented as it allows calculating a real time model of the motor. This
could be required especially for high speed induction motor control. The
implementation results are summarized in Table 4 where a selection of the
compilation results is presented.

Logic Utilization

Number of Slice Flip Flops

Number of 4 input LUTs

Number of occupied Slices
Total Number of 4 input LUTS

Number of RAMB16s

Number of BUFGMUXs
Number of MULT18X18SI0s

Used
1,683
1,383
1,161
1,439
2

6

14

Table 4 - FPGA implementation results [nm1]

Available Utilization

9,312 18%
9,312 14%
4,656 24%
9,312 15%
20 10%
24 25%
20 70%

Table 5 - Comparition of DSP and FPGA implementation®

Implementation | Cycle time | Speed note
increase
DSP TMS320F218 66 us - Taken as reference, speed = 1, DSP
runs on 150MHz.

FPGA 440 ns (22 | 150x Running on 50MHz, with Picoblaze
cycles) core as user interface

FPGA 150 ns (22 | 450x Around 3x higher frequency possible
cycles) without the Picoblaze core

FPGA 40x Maximal frequency 15MHz, with

flux weakening and speed controller,
not implemented in DSP

® It should be noted here that although the speed increase of FPGA compared to DSP is
significant, it has to come with an increase of PWM frequency to make sense. This brings
higher switching losses in the inverter. There are however new emerging components like
high-speed high-voltage FET's or SiC JFET. Therefore I see the main use of FPGA based
controller system in future high performance applications and for e.g. sensor less control or real
time model implementation
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Conclusions

The motivation for high-speed machine development is mainly the high
power density of such machines. In the field of modeling, the current
models for standard low speed machines usually do not take into account
parameters like eddy current losses, bearing losses, air friction etc. That can
be significant for high-speed machines. In the field of control algorithms,
high-speed machines are controlled without any feedback with V/f. For this
reason, they have lower dynamic response compared as if they would be
controlled with field oriented control algorithms. All the present
applications are controlled with a DSP that does not allow the application of
FOC for really high-speed machines as it has high computational power
demands. With the real implementation comes the issue of minimizing
delays in the control loop. One possibility how to remove the delay is a
faster controller with FPGA. This can be significantly faster that DSP and
can help to suppress the time delay problem. Ultra high speed machines
have a very promising future. Speeds will increase too much higher levels
as this allows the construction of smaller machines with high power density.
So it is my belief that high speed machines and theirs high performance
control will become a hot topic in the near future with many interesting
applications. My contribution is in the creation of a unique test bench and in
the creation of the FPGA controller. All this is opening new ways for future
development.
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Used symbols

R Stator resistance [Q]

La, Lq d,q component inductance [H]

¥, Permanent magnet flux [Wb]

Pp Number of pole-pairs [-]

J Moment of inertia [kgm?]

B Coefficient of viscous friction
[N.m.s.rad™]

® Angular velocity — mechanical
[rad.s™]

®r Angular velocity -
[rad.s™]

Kair_friction Coefficient of air

[N.m.s.rad™]

Cm o, B Steinmetz  equation

constants [-]

Bimat_m Peak flux density [T]

Peore Stator core power loss [W]
) Torque angle [rad]

T Time constant [s]

Tn Nominal torque [Nm]

T, Load torque [Nm]

H (jo) Frequency response

ig, iq

Vd, Vg

>

Pf_air
Ct

Pair

fZA

klv kP

P(®)
L{}

d,g component
current [A]

d,g component
voltage [V]
Speed [RPM]
Motor flux
linkage constant
[VIKRPM]

Air fiction power
loss [W]
Friction
coefficient [-]

Air density
[kgm’]

Rotor  diameter
[m]

Rotor length [m]

o, g component
current [A]

o, g component
voltage [V]

u, v, W
component
current [A]

A filter
decimation ratio
[-]

A filter
modulation
frequency [Hz]

Pl controller
setting

Park transform
Laplace transform
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