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tThis work deals with the experimental implementation of a state spa
e 
ontroller for a DC motorthat has separate winding ex
itation. The output to be 
ontrolled is the rotor position. Linux andRTAI-Lab are the open sour
e tools that we use in this implementation. The 
ontrol law is derived byusing a model that 
onsists in a set of ordinary di�erential equations. Additionally, in order to avoidseveral issues regarding the measurement of the state variables, we implement an experimental dis
rete-time state observer to estimate the transient values of the rotor speed, armature 
urrent and even theload torque. The real time program 
al
ulates the dis
rete-time state feedba
k in
luding an integrator,a full order dis
rete-time state observer and a rotor position sensing algorithm. Custom-made digital,analog and power ele
troni
s designs are fundamental 
omponents of the hardware used in this 
losedloop implementation.1 Introdu
tionThis paper presents the implementation and the ex-perimental results of an observer-based 
ontrol law.RTAI was used in order to perform the experimentalimplementation of a state spa
e 
ontroller for a DCmotor. The �eld and armature windings of the DCma
hine were fed from independent sour
es, [1℄. Theoutput to be 
ontrolled is the rotor position.An interesting 
ontribution is presented in [2℄,the author uses RTAI-Lab, S
ilab and a data a
qui-sition hardware for implementing a transfer fun
tion-based 
ontroller for a DC motor. The main 
ontri-bution in [2℄ is related to testing several open sour
ereal time tools (RTAI, Comedi, S
ilab, xrtailab). Ex-perimental results regarding high gain observers arepresented in [3℄ where RTAI-Lab and S
i
os/S
ilabare used for the real time implementation. The sys-tem to be tested in [3℄ was a series DC motor. Valu-able information about a problem asso
iated withthe analog outputs of the a
quisition 
ard was pre-

sented in [3℄.Linux and RTAI-Lab are the open sour
e realtime platform that we employed for this implemen-tation. In parti
ular a version of knoppix 5.0 wasused for this work, this version was developed by Gi-anlu
a Palli and it 
an be downloaded from his homepage [4℄.The real time program that we implemented 
on-sists of a dis
rete-time state feedba
k in
luding anintegrator, a full order dis
rete-time state observerand a rotor position sensing algorithm. In this 
on-trol law implementation the only state variable thatis measured is the rotor position of the motor. Inour 
ase, a set of �ve di�eren
e equations (�fth-orderdis
rete time dynami
al system) is 
omputed every0.2 millise
onds (5 kHz). Important 
omponents ofthe experimental system are: a personal 
omputer,a National Instruments PCI-6024E data a
quisition
ard [5℄, 
omedi driver library for Linux [6℄, a freeopen sour
e real time platform [7℄, a 
ustom-made1



power ele
troni
s 
onverter, an in
remental en
oderand signal 
onditioning 
ir
uits for measuring the ro-tor position.2 DC Motor ModelThe equations that establish the DC motor behav-ior are obtained by using fundamental ele
tri
al andme
hani
al laws [1℄, this isVf = rf if + Lff ddt if (1)Va = raia + Laa ddt ia + Laf if!r (2)J ddt!r + TL = Laf if ia (3)ddt�r = !r (4)In order to improve the performan
e of the
losed-loop system, a new linear state equation forthe load torque is proposed, this isddtTL = K0!r +K1TL (5)Several transient and steady state tests were per-formed in order to obtain the nominal parameters ofthe DC motor. Sin
e the �eld winding is fed with anindependent 
onstant voltage sour
e, the equation(1) 
an be omitted and the �eld 
urrent is 
onsid-ered as a 
onstant parameter. The notation of thevariables and the 
al
ulated values of parameters ofequations (2)-(5) are shown in the following table:�r - Rotor Position!r - Rotor Speedia - Armature Currentif (0.46 Amps) - Field CurrentVf - Field VoltageVa - Armature Voltagera(6.615 Ohms) - Armature Resistan
eLaa(0.0645 H) - Armature Indu
tan
eLaf (1.7686 H) - Mutual Indu
tan
eJ(0.0038 kg=m2) - InertiaTL - Load TorqueK0(0.20907) - CoeÆ
ent of Load TorqueK1(-9.8297) - CoeÆ
ent of Load TorqueA nominal dynami
 model is determined by sub-stituing the numeri
al parameters in the equations(2)-(5). Then, employing 5 kHz as a sample rate andfollowing the pro
edure presented in [8℄, it is possible

to obtain the dis
rete time dynami
 model. Also itis possible to obtain the dis
rete model by using theS
ilab 
omand ds
r.The nominal linear time-invariant dis
rete timedynami
 model obtained is2664 �r(k + 1)!r(k + 1)ia(k + 1)TL(k + 1)3775 = 26641 0:000200 0:000004 �0:0000050 0:999945 0:042383 �0:0525780 �0:002497 0:979644 0:0000650 0:000041 0:9x10�6 0:998035 37752664�r(k)!r(k)ia(k)TL(k)3775+ 2664 4:4x10�90:00006590:00306919:201x10�103775Va(k) (6)In addition, parametri
 un
ertainty will be ad-dressed by using an integrator whi
h is de�ned inequation (7), where xI is the integrator state vari-able, r is the setpoint and y = �r is the output to be
ontrolled.xI(k+1) = xI (k)+ e(k) = xI(k)+y(k)� r(k) (7)3 ControllerThe armature voltage de�ned by the 
ontroller isVa(k) = � �KI K1 K2 K3 K4� 266664xI (k)�r(k)!r(k)ia(k)TL(k)377775 (8)The gains KI ,K1,K2,K3 and K4 are 
al
ulatedby using the pole pla
ement te
hnique explained in[8℄. Also it is possible to 
al
ulate the gains by es-tablishing new poles for the 
losed-loop system andusing the s
ilab 
ommand ppol. In this 
ase, thegains are[KI ;K℄ = [0:0006168; 1:2288494;�0:6467532;� 4:021708;�2:4009488℄The main S
i
os program of the implemented
ontroller is shown in �gure 1. The mainprogram 
ontains the previously 
al
ulated gainsKI ,K1,K2,K3 and K4 whi
h multiply the state vari-ables for de�ning the armature voltage. In �gure 1,2



the integrator of equation (7) is implemented by us-ing the 1/Z blo
k of the linear pallete [9℄. The gainA in �gure 1 s
ales the numeri
al value of the 
al
u-lated armature voltage. The s
aled voltage is the nu-meri
al representation of the a
tual voltage appliedto the power 
onverter. The COMEDI A/D blo
kprovides a

ess to the data a
quisition 
ard whi
h is
onne
ted to the power ele
troni
s 
onverter.There are two super blo
ks in the main programshown in �gure 1, one of them is a state observerwhi
h estimates the speed, the armature 
urrent andthe load torque. The other super blo
k is a positionmeasurement algorithm used for 
onditiong the dataof the analog and digital inputs.

FIGURE 1: Position Control Program inS
i
os4 State ObserverSin
e the rotor position is the only measured vari-able, it is ne
essary to in
lude a state observer for thestate feedba
k. The implemented observer is basedon the following equation~x(k + 1) = G~x(k) +Hu(k) +Ke[y(k)�C~x(k)℄ (9)Clearly, G and H are known, they were previ-ously de�ned in equation (6). The observer gain Keis a 4x1 
onstant ve
tor asso
iated with the outputerror y(k)�C~x(k) = �r(k)� ~�r(k) and is 
al
ulatedby employing the s
ilab 
ommand ppol [9℄. In this
ase the observer gain isKe = 2664 0:00155230:1544085�0:0392419�0:00143893775 (10)The S
i
os program related to the state observer

is shown in �gure 2. This program is basi
ally theexpression (9) made of s
i
os blo
ks.5 Rotor Position MeasurementA design for measuring the rotor position is im-plemented. There are several 
omponents of thishardware/software design. One of them is the Pep-perl+Fu
hs en
oder that is physi
al atta
hed to themotor shaft. The se
ond one is a ATmega8535mi
ro
ontroller-based signal 
onditioning 
ir
uit andthe third one is the real time software that 
al
ulatesthe rotor position from the digital signals providedby the mi
ro
ontroller. The ATmega8535 mi
ro
on-troller is programmed for being used as a 16-bit bi-nary UP/DOWN 
ounter. A signal 
onditioning 
ir-
uit is ne
essary to determine the shaft dire
tion,whi
h is implemented by using a 
ip-
op integrated
ir
uit. The 
ip-
op uses the pulses of 
hannels Aand B of the en
oder and provides a binary 1 or 0 de-pending on the shaft dire
tion. Channel A (or B) ofthe en
oder is then 
onne
ted to a mi
ro-
ontrollerterminal without modifying the voltage as they boththe en
oder and the mi
ro
ontroller have 5 volts asa nominal voltage. The mi
ro
ontroller is in 
hargeof 
ounting the pulses provided by the en
oder. Inthis 
ase, the en
oder generates 1024 pulses per rev-olution. The mi
ro-
ontroller 
ount goes up or downdepending on the 
ip-
op binary signal. The 
om-plete ele
troni
s diagram of the rotor position mea-surement setup is shown in �gure 3.The mi
ro-
ontroller provides a 16-bit binary
ount that represents the rotor position. On theother hand, the National Instruments PCI-6024Edata a
quisition 
ard has only 8 digital inputs [5℄.In order to be able to read the 16-bit binary data,8 additional digital inputs are obtained by employ-ing 8 analog inputs of the a
quisition 
ard and us-ing them as digital inputs. The algorithm to inter-pret those analog inputs as digital inputs is 
oded inthe S
ilab/S
i
os sour
e program. The routine thatreads binary data by using digital inputs is shown in�gure 4. The algorithm 
onsists of multiplying ea
hbit (1 or 0) by its 
orresponding value in the de
imalsystem, then the results are added. In order to readthe data of digital input 
hannels, the COMEDI DIblo
k was used. The same algorithm is employed to
onvert bits that were obtained by using the analoginputs.In addition, a signal 
onditioning routine is em-ployed to use those analog inputs as digital inputs,see �gure 5. A 
omparator determines the binaryvalue (1 or 0) of the signal that was read at the3



FIGURE 2: State Observer Program inS
i
osterminals of the analog input. This routine is im-plemented for ea
h one of the 8 signals obtained byusing the analog inputs. Combining the results pro-vided by these routines a de
imal measurement ofthe rotor position is obtained.

FIGURE 3: Rotor position measurementsetup
FIGURE 4: Subroutine asso
iated with thedigital inputs of the position measurement al-gorithmA �nal super blo
k 
alled Position MeasurementAlgorithm (see �gure 1) was 
reated to in
lude thedes
ribed 
ode, the program 
ontained in this superblo
k is shown in �gure 6. This program adds thedata of the previous routines. Then, the obtainedvalue is 
onverted into radians.It is important to mention that the rotor positionsetup is able to measure positive and negative values.In order to a

omplish this feature, the mi
ro
on-troller was programmed to have an initial 
ount that4



is lo
ated at the middle of the 16-bit 
ount range.Due to the la
k of spa
e, reader is referred to [10℄,where information regarding the ATmega8535mi
ro-
ontroller assembler 
ode 
an be found.

FIGURE 5: Software-based signal 
ondi-tioning for one of the eight analog inputs usedas digital inputs

FIGURE 6: Routine employed for 
onvert-ing measured rotor position values into radi-ans6 Power ConverterA Pulse Width Modulation-based MOSFET H-Bridge 
onverter was designed and implemented.This type of power ele
troni
s devi
e is 
om-monly used to drive DC motors when bidire
tionalspeed/position 
ontrol is needed [11℄. The numeri-
al value of the armature voltage is de�ned by the

state feedba
k and 
al
ulated by the 
omputer. Thisvalue is written by the real time software to one ofthe analog output 
hannels of the data a
quisition
ard. The power ele
troni
s 
onverter is shown in�gure 7.

FIGURE 7: Power Converter. a) SignalConditioning. b) PWM and swit
hing delay.
) Isolation. d) H Bridge and DC motor. e)Short Cir
uit Prote
tion7 Experimental ResultsThe �nal program is 
ompiled by using theRTAI
odegen tool in S
i
os, this pro
edure is ex-plained in [7℄. The rotor position and the experi-mental observer-based variables were saved by usingFIFOs. In this 
ase, a FIFOin blo
k was employedfor ea
h variable and the data were saved by follow-ing the pro
edure indi
ated in [7℄.The experimental tra
e shown in �gure 8 illus-trates the dynami
 
hara
teristi
 of the rotor posi-tion following a 25.1328 radian (4 revolution) refer-en
e 
ommand. The simulated model-based tra
eof the rotor position is also shown in �gure 8. Itis 
lear that these signals (simulated and measured)are similar to ea
h other. Initially, the rotor posi-tion was at zero radians. The position begins to in-
rease immediately until the position error is 
lose tozero, whi
h o

urs approximately at 1.2 se
. Figure 9shows the experimental observer-based rotor speed.Figure 10 shows the experimental observer-based ar-mature 
urrent. The armature voltage 
omputed bythe 
ontroller is shown in �gure 11.5
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FIGURE 8: Rotor Position: Experimentalmeasured, ** Simulated model-based
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FIGURE 9: Rotor speed: Experimentalobserver-based, ** Simulated model-based
-0.5

0.0

0.5

1.0

1.5

2.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Time (seconds)

A
r
m
a
t
u
r
e
 
C
u
r
r
e
n
t
 
(
a
m
p
s
)

FIGURE 10: Armature Current: Exper-imental observer-based, ** Simulated model-based
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FIGURE 11: Armature Voltage: Ex-perimental Computed voltage, ** Simulatedmodel-based

The STEP blo
k is employed in the main pro-gram (see �gure 1). The parameters of the STEPblo
k 
an be modi�ed by using the xrtailab inter-fa
e while the exe
utable program is running [7℄. Inthis 
ase, this feature is used for sele
ting a set pointvalue. Figure 12 shows the xrtailab interfa
e and 3radians as set point. Figure 13 illustrates the 
losed-loop system behavior with di�erent set point values,6�, 12� and 18� (3, 6 and 9 revolutions) respe
tively.

FIGURE 12: Set point sele
tion in the xr-tailab interfa
e
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FIGURE 13: Closed-loop system behaviorwith di�erent set points8 Con
lusionsThe real time platform employed in this work pro-vides ideal tools for this type of appli
ations. The ex-perimental results are similar to the simulation. Thereal time software is able to a

omplish the 
ontrolalgorithm under stri
t time requirements. A futurework might be related to the idea of implementinga new nonlinear 
ontrol s
heme, keeping the hard-ware platform and 
hanging just the sour
e programrunning under the same real time software platform.6
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