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Abstract: The article discusses main problems of implementireggPID control law in the FPGA integrated circi@on-
secutive steps of discretizing and choosing thedfigoint representation of the continuous, floapiegnt PID algorithm
are described. The FPGA controller is going to §eduin the active hetero-polar magnetic bearinggesy consisting of two
radial and one axial bearings. The results of #peemental tests of the controller are preserité@. dynamic performance
of the controller is better when compared with dis*ACE controller, that was used so far. The deditpaedware and soft-
ware, the developed implementation procedure am@xperience acquired during this stage of the evhobject are going to
be used during the implementation of more soplaitgit control laws (e.g. robust) in the FPGA for Alightrollers.

1. INTRODUCTION

Reconfigurable hardware is becoming a promising al-
ternative to both application specific integratenlcudt
(ASIC) and digital signal processors (DSP) for cohnt
applications (Chen and Lin, 2002; Krach et al.,200sor-
nio-Rios et al., 2008). As a reconfigurable hardydfield
Programmable Gate Array, or FPGA, is gaining pariyla
FPGA-based systems have been applied in applisation
ranging from signal processing, image processiogyet-
work processors and robotics, just to name a fehe T
speed and size of the FPGAs are comparable with8ie
ICs, but FPGAs are more flexible and their desigdeis
shorter because of their reconfigurability. FPGAplza-
tions go beyond the simple implementation of diditgic.
They can be used for implementations of specifahidec-
tures for speeding up some algorithm. A given athon,
implemented into FPGA could have 100-1000 time$dig
performance than its implementation on a DSP omanic
processor. This is because FPGA has a naturallglaral
architecture for high-speed computation.

Active magnetic bearing (AMB) is a collection okel
tromagnets used to levitate the object via feedlmackrol
(Chiba et al., 2005). The obvious feature of the BAM
is a contact-free motion control, which leads tedo rotat-
ing losses, higher speeds, elimination of lubramasystem,
and long life. Since an active magnetic bearingherently
nonlinear and unstable, feedback control is indispble to
stabilize the system. A conventional PID controlepften
employed as a feedback compensator and this mefter
yields enough stability and performance. This téapnm
works efficiently as long as the system remainthévicin-
ity of the linearizing point and the uncertaintaasd distur-
bances are small. More sophisticated methods, divdu
robust control, can improve the dynamic propertaéshe
AMB system, especially in case of strong nonlirtgesi
(Gosiewski and Mystkowski, 2008; Hung et al., 2003)

The view of the examined hetero-polar AMB system
(Gosiewski and Mystkowski, 2008) is presented i E.
The rotor is supported by two radial and one axiagnetic
bearings. The bearings include the necessary positn-
sors and power amplifiers. The magnetic force aleagh
axis is generated by a pair of opposing electrortyn
The displacements of the shaft along axes are meghsu
by five eddy-current sensors.

amplifiers

Radial active magnetic
bearings

Axial magnetic bearing

Fig. 1. View of the active magnetic bearing system

The aim of this paper is to discuss the probleminef
plementation of the PID algorithm for the AMB syste
in the FPGA. This task is a part of a bigger profmcern-
ing the design of an electromechanical flywheelrgpe
storage. The flywheel is going to levitate in aetimagnetic
bearing system and one of the tasks here is togmlesi
a stand-alone, FPGA-based controller. The impleatiemt
of the PID algorithm is the first stage of the gesof such
controller. The next will be the implementation wiore
sophisticated control law#l,, robust, for example.
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2. REQUIREMENTS

The controller should have five separate contr@n-
nels to control each axis of the whole Al system. Since
the measured and control signals are analog, reagestD
and D/A converters must be designed. The signats
change from10 V to +10 V. The PID algorithm must
based on integer or fixgobint mathematics. This ise-
cause the FPGA used this project has 400,000 gates
no floating point unit. Certainly, it is also pdsie to m-
plement the floating point mathematics in the FPBRU
this would absorb almost all its resources.

3. HARDWARE

The PID controller for the AMB system is desigr
with the use of two Spartan-3 LCeRelopment Board
from Memec (2004). SparteéhLC board is equipped wit
Xilinx Spartan-3 family, XC3S40@- PQ208CES, FPG.
chip (Spartan-3, 2006)The FPGA has 400,000 ga
andthis is quite enough to implement three Fcontroller
algorithms. The chip has sixteen configurable-bit em-
bedded multipliers, sixteen, kit embedded RAM block
and two hundred and sixty four user defined inpupat
signals. The Sparta®- LC board utilizes the Xilin:
XCF02S Platform Flash I8ystem Programmable (IS
PROM, allowing designers to store an FPGA desigmoir-
volatile memory.

Fig. 2. Active magnetic bearingsontroller hardwal

The board is also equipped with two p-button
and four slide switches, two LEDne seve-segment
LED display, RS232 and USB ports and two P160 cc-
tors. FPGA can be clocked with external 50 MHz klc
There are no A/D or D/A converters on the boardws
were forced to design the external converters baend
power supplies foriem and the whole controller. Wie-
signed and made five A/D and D/A converters bo— one
for each channel of the controller. This additiobakrds
communicate with the Spart&LC board through P1¢€
connectors and expansion boards. Each of the fards is
made of one AD976 analog to digital b&-converter ant
one twoehannel AD5547 digital to analog -bit converter
from Analog Devices (1®it, 100 kSPS/200 kSPS C-
MOS A/D Converters AD976/AD976A199¢; Dual Cur-
rent Output, Parallel Input, 16-/Bit Multiplying DACs
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with  4-Quadrant Resistors AD6647/AD55572004).
Thesampling frequency of the converters is limited2@D
kSPS.

The view of the disassembled hardware of the A
controller is shown in Fig. 2.

4. CONTROLLER ALGORITHM
IMPLEMENTATION

4.1. Difference recurrence equation

The following transfer function of the PID contrex
has been adopted for the AMB control

G(s) =%=kp [1+%+%flj, @

where parameters,, T;, T, T can change in the following
ranges:
k,=0.1...,10.0, T, =0.01,..,2.0
T, =0.001,.. ,0.05 T =0.00001,.. ,1.0
For further calculations, we will assume, tik, = 1,5;

T; =0,1; T; = 0,001; andT = 0,0001. Transfer function,
(Eg. 1) can be transformed to the following fa

_Y(s) _as +as+a,

- 2 ) (2)
U(s) bs +bs+b,

G(s)

where: a, = k,Ti(Ta +T), ay =ky(T; +T), ag=ky,
bz = TLT, b1 = TL’ bo = 0

Transfer function (Eq. 2) can be also transforneethée
following linear differential equatio
du_ du

d’y , dy,
bZ dt2 +b1 dt+b0y a2 dt2 +aldt +ad.]. (3)

In order to avoid hazards that could arise in the d-
natorial system, the controller algorithm shouldrealized
as the synchronic digital system, this is the sgbeat
calculation steps should be taken in accordancé thi¢
clock signal. To realize thj Eq. (2) must be converted
the difference recurrence equation and discretizitd the
constant sample period. The discretization procesn-
volves determining the difference representatiohsthe
subsequent differentials. Below are given the fdas
for the first and second differentials of some contirs
differentiable functionx(t).

dx _ x(i) - x(i 1)

dt h @
dx(i) _ dx(i-1
d’x _ dt dt
dt? h
X() = x(i-1) _x(i-1)-x( - 2)
- h h
~ - . (5)
_x(i)=2x( =1+ x( - 2)

h2



After using the above formulas (Egs. 4 and 5) for t
first and second differentials of functiongt) and u(t),
Eq. 3 can be written as follows:

B,y(i —2)+ By(i - 1)+ Byy ()
= AU -2)+ Au( -1+ Au()’

where:

(6)

A\):%+%+a0' A}.:—Z%—i' AZ:%’

h
SO 0 A S W
h h
In order to calculate the value of the output sign@)

for thei-th time step, Eq. 6 should be written in the fallo
ing recurrence form:

y(i)=cy(i-D+c,y(i -2)+cu()

. ) , (7)
+cu(i-1)+cu(—2)
where:
Cl:—E:—h-l-ZT,CZ:—E: il ,
B, h+T B, h+T
A _k,(TT+Th+Th+T,T)
78 T(+T)
A _ K (ZTT +Th+Th+2TT)
C =——= y
‘B T.(h+T)
:i:—kp(-r-'-Td)
B, h+T

For the above givek,, T;, T, T parameters, we obtain:
¢, =1,952; ¢, =-0,952; ¢; =15,780; ¢, = —31,489;
cs = 15,708.

Equation 7 allows us to calculate the output sigr@)
on the basis of the actual values of the input aig{i)
and the previous values of the outputi — 1), (i — 2),
and the inpute(i — 1), u(i — 2) signals.

In case of hetero-polar AMB system the output digna
y(i) should be summed with the so called steady-stzitde p
signal y,(i) (Gosiewski and Mystkowski, 2008). This
means that the PID controller should generate twipud
signalsy, (i) andy, (i) (see Fig. 11) calculated in the fol-
lowing way:

V() = Yo () +y(),  y,(1) = yo()=y(0), (8)

wherey, (i) is the steady-state point signal that is propor-
tional to the steady-state point currént

4.2. Fixed-point representation
of the signalsand parameters

As was mentioned above, the controller algorithms(E
7 and 8) should be calculated using the fixed-paintn-
bers. To do this we should choose the fixed-paptesen-
tation of input signad:(i), output signals (i), y, (i), y,(i)
and parameters, ..., cs. It is especially true for outpyt(i)
and parameters,, ..., cs as the bit-widths of signals(i)
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andy, (i), y, (i) are determined by the bit resolution of the
A/D and D/A converters which ane, = 16 andw, = 16

in this case. By conducting many simulation experits
for the controller algorithms written in the floag- and
fixed-point representations it was established thadrder

to achieve the satisfactory accuracy the followimiglths
should be used:

w, =52, w,, =42 for parameters, ..., C;,

w, =16, w,, =0 for input signalu(i) ,
w, =52, w, =35 for output signaly(i),
Wy, =16 s Wy, =0 and Wy, =16, Wy, =0

for output signalg; (i) andy, (i).

In the above given formulas the notation. = 52,
wr, = 42 means for example that the width of the fraction-
al part of the parameter; is 42 bits, the width of its
integral part is 10 bits and the whole width (intdgand
fractional) is 52 bits.
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Fig. 3. Step response of the floating-point (continuons)li
and the fixed-point (dashed line) representatidrit@PID
AMB controller: a) simulation time¢ = 5 x 107* s,
b) simulation time = 5 x 1073 s;

sample perioll = 5,04 X 10~°s

As we can see the output signdl) is represented with
the use of 52 bits from which 35 are used to repregs
fractional part, but this is true only when calding its
value according to Eg. 7. When calculating outputs
and y, according to Eq. 8, only 16-bit integral part pf
is used. This signal is obtained by cutting off frectional
part of signaly.

Input u(i) and outputy(i), y; (i), y, (i) signals as well
as controller parameters, ..., cs can have negative values
and they are coded using the two's complement inatat
in which the most significant bit is the sign bit.the hex-
adecimal notation that is used during coding thetrodler
algorithm in VHDL the calculated values of the paeders
are as follows:
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c,;=x"007CEDDE131B8" , c,=x"FFC31221ECE48" ,
C3=X"03F1F140357E2" , c,=x"F820B9FEC6256" |,
C5=X"03ED54D03B45A" .

Step responses of the PID controller in floatingd a
fixed-point representations for the above givenviidths
and various simulation times, obtained in Matlalthvthe
use of the Fixed-Point Toolbox, are shown in Fig. 3

4.3. 52-bit fixed-point multiplier

As we can see from Eq. 7 the calculations of the- co
troller algorithm involve 4 summations of 104-bitide
and 5 multiplications of 52-bit wide fixed-point mbers.
The multiplication can be implemented in the FPGA
in various ways. The simplest is by using the basic
sources, these are the so called Control Logic iloc
(CLBs). This method is also the most resource-consg.
The basic resources of the XC3S200 chip do notvatm
realize even one such 52-bit operation. This is Wwhyas
decided to use the specialized 18-bit multiplicatldocks
embedded in the XC3S200 [8]. As we establishedirthe
plementation of the 52-bit multiplication requirege 18-
bit wide embedded multiplication blocks. The whofeera-
tion is coded in VHDL using the MULT18x18 comporent
and is placed in the multO3 entity.

To illustrate the problem the subsequent operations
of the exemplary 50-bit and 40-bit wide numbers tipli
cation taken by 18-bit multipliers are shown in .Hg(first
bit is omitted as it is responsible for the sigtydn

o a4

50| 16

sofe] 16 [ 17 | 17

S0 = psdepadepl 51 = psdepy
8y = ;l)—l-k\'il;! 83 = P2 + Pe
54 = 81+ 82 S¢ = Sy t+ S5

85 = (83 + s)&E000° &) p = (51 4 56)&(x70000" &'0')

Fig. 4. Subsequent operations of the 50-bit and 40-bit
wide numbers multiplication
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4.4. Controller architecture

Control system for two radial and one axial AMB bea
ings consists of two Spartan-3 LC development bmaftie
first board is connected with three A/D and D/A ceriers
boards and the second — with two A/D and D/A boarfte
VHDL project for each XC3S400 FPGA consists of #ére
PID controller cores divided into three separatanctels.
One of the channels is not used. That is why thelevh
control system for the AMBs consisits of five segtarPI1D
control channels. Although each controller runs saene
PID algorithm (as of Egs. 7, 8), the parameteysl;, Ty, T
can be quite different.

Schematic diagram of the designed AMB control sys-
tem is shown in Fig. 5.

Eddy current
sensors

o

w3 Dev

< evelopim
9, | Board

PID controller 1]

th ? ., {[PID controller 2 ]

PID controller ri |

XC353400

XC35400

Fig. 5. Schematic diagram of the AMB control system
5. TEST RESULTS

The designed hetero-polar AMB PID controller was
tested using Agilent 33220A 20MHz signals generaiua
Agilent 54624A oscilloscope. The resulting stepposes
of the controller itself (with no control loop) ahown
in Figs. 6 and 7. The parameters are, = 2; T; = 0,02;
T, = 0,001; andT = 1.

The Bode plots for the first channel of the des@joen-
troller are shown in Fig. 8. The experimental cheesstic
has been obtained with the use of Agilent 35670Aadkyic
signals analyzer and compared with the simulatiosrac-
teristic obtained in Matlab for the floating-poimtodel



(Eq. 1). As we can see the magnitude plots coinaitai-
rately. The experimental phase plot drops almost%6°
for higher frequencies what means that there isesdatay
in the controller. This delay is caused by the kampling
frequency of the A/D converter. Nevertheless, thieagnic
properties of the designed controller for the fremgy
range from 10 Hz to 1 kHz that is typical for AMBrarol,
are very good.
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Fig. 6. Step responseg andy, of the controller to the square
inputu of 1 Hz frequency and 50 mV amplitude
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Fig. 7. Step responseg andy, of the controller to the square
inputu OF 500 Hz frequency and 2 V amplitude
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Fig. 8. Bode plots of the designed PID controller: simolat
(continuous line) and experimental (dashed line)
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The next step of the experimental investigations tea
test the designed controller in the closed-loop Altiitrol
system. Fig. 9 presents displacemegtsy, and Fig. 10
displacements.,., y,. of the shaft in the left and the radial
bearing at the moment of switching the controllar ®he
reference values for the displacements were agwell
Xiref = —0,28V, Viref = —0,25V, Xrref = —0,78V, Vrref =
—0,39V. As we can see, after a very short transientesthg
controller levitates the shaft in bearings verylwel
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Fig. 9. Displacements;, y; of the shaft in the left radial bearing
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Fig. 10. Displacements;., y, of the shaft
in the right radial bearing
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Fig. 12 presents displacememptsandy, of the shaft af-
ter summing output signalg,, y, of the controller with
a pulse-like disturbance signgl as it is shown in Fig. 11.
We can see a good damping of the disturbances.
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Fig. 11. Control loop of the left bearing axis with disturbances

005
ol
Ya
-0.05
01
_ -0.45f
L oo0zf ; |
= N . h
-025 ——.———V_ ey 2
03f
-0.35} |
M -
-04f P -
-045
0 1 2 3 4 5 6

Fig. 12. Vertical displacements;, y, of the shaft
in both bearings with disturbancensiy,

6. CONCLUSION

The designed hetero-polar AMB PID controller com-
pletely fulfills the preliminary requirements. khplements
the PID control law in five separate control loapslized
in two XC3S400 FPGAs. The FPGA resources are atlliz
in less than 50 percents. The dynamic performaridheo
controller is very good. The controller is about @@es
quicker when compared with the dSPACE controlleat th
was used in the AMB system so far.

The main bottleneck of the controller is the love-fr
quency of the A/D and D/A converters. The FPGA ban
clocked with the very high frequency of 50 MHz atfe
output signal of the controllers can be calculatétth this
frequency too. Unfortunately this signal is updatéth the
frequency of 200 kHz only.

The controller can be improved by designing beAty
and D/A boards with quicker converters and by impat-
ing better control laws.
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