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on a Floating Point DSP
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Abstract—With the advent of inexpensive 32 bit floating point
digital signal processor’s availability in market, many
computationally intensive algorithms such as Kalman filter becomes
feasible to implement in real time. Dynamic simulation of a self
excited DC motor using second order state variable model and
implementation of  Kalman Filter in a floating point DSP
TMS320C6713 is presented in this paper with an objective to
introduce and implement such an algorithm, for beginners. A
fractional hp DC motor is simulated in both Matlab® and DSP and
the results are included. A step by step approach for simulation of
DC motor in Matlab® and “C” routines in CC Studio® is also given.
CC studio® project file details and environmental setting
requirements are addressed. This tutorial can be used with 6713
DSK, which is based on floating point DSP and CC Studio either in
hardware mode or in simulation mode.

Keywords—DC motor, DSP, Dynamic simulation, Kalman
Filter.

NOMENCLATURE
R, Armature resistance in Ohms;
L, Inductance in mH,
K, Back EMF constant (Volt-sec/Rad)
K, Torque constant (Nm/A)
I Rotor inertia (Kg m?)
B, Mechanical damping factor
K Kalman gain
Py Posterior co-variance
P Prior co-variance
(k)
(0] State noise
R Measurement noise.

[. INTRODUCTION

HIS paper presents a tutorial on dynamic simulation of

DC motor on a Digital Signal Processor (DSP). The 32 bit
floating point DSP processors are readily available in the
market and have high computing power and performance. This
has helped in implementing some of the computationally
complex observer algorithms such as Kalman filter which
offers excellent estimates of states even in the presence of
system and measurement noise. Sensor-less estimation of
induction motor speed and GPS tracking are just a few
examples, where these observer algorithms have been
successfully used.
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The objective of this paper is to acquaint a beginner with
what all is involved in the design and implementation of such
systems.

As an example, a self excited fractional hp DC motor is
modeled using Matlab® and the simulation results are
presented for open loop time response of the state variables.
The measurements are then corrupted by super imposing a
noise, which follow a Gaussian distribution. A Kalman filter is
implemented in Matlab® to observe the states from the
corrupted measurement signal. A comparison of the noisy
measurement signal and the estimated states through Kalman
Filter is presented. The same model is implemented in TI®
floating point DSP C6713 and the results including the
Kalman Filter responses are also presented. The Matlab® code
for all the simulations and the Code Composer Studio® project
file including the required header files are available for
download, from a link provided in Appendix-I.

II. DC MOTOR MODEL IN MATLAB®

A second order, linear state space model of DC motor is
considered for this study. The two states considered are the
armature current (/,) and the speed (w) of the DC motor. The
input supply to the self excited DC motor is 12 V and the
outputs are same as states.

A. Continuous Time State Variable Model of DC Motor

“Ry, /L, —Kp/Ly
Y (1)
. {1/Lm}(z); C=[1 0](3)and D =[0] 4)
0

The continuous time state variable model, which is used for
this work has the system matrices as given by (1-4).

8655462 -98.825
e — [4201.680} 5)
21962616 -1.121 0
c=[1 0] and D=[0] 6)

Numerically, the system matrices are as given by (5-6).
Continuous time state (I, and @) response in Matlab for an
input of 12 V DC supply is as shown in Fig. 1.

It can be observed that the starting current is of the order of
5 amps, which is taken as 1 p.u and no load current is 0.25
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amps and the steady state speed is 500 rpm, which is again
scaled to 1 p.u.

PU speed and currrent

=
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Time in millisec
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Fig. 1 Current and speed (scaled) response of DC motor in Matlab®

B. Discrete Time DC Motor Model

The continuous time state space model is discretised with a
sampling time of 100 microsec, using the Matlab® function
‘c2d’. Discrete time state variable DC motor model is as
shown by equation (6) and is obtained by Matlab® function
c2d.

_[0.4146

. 0.0066} { 0.2802
d — . B —
1.4643

B, = ;C,=[10 ©
0.9916 | 4 0.3521} a=lrol

The discrete time simulation is as given in Fig. 2 which
shows per unit combined current and speed response.
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Fig. 2 Discrete time estimate of current and speed

If the sampling time is increased to 2 milliseconds, the
system matrices in discrete time domain are as shown below:

0.0189 -0.0072 0.308
A, = ;B = ;C =10 (10)
d {1.606 0‘6139} d [16‘34} d (o]

By reducing the sampling time, the system may become non-
observable, as can be seen in Fig. 2, where the current estimate
is not accurate. The peak value attained is only 0.82 p.u. as
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against the actual 1 p.u. value.

III. APPLICATION OF KALMAN FILTER FOR DC MOTOR

Kalman Filter is an optimal stochastic state observer for
estimation of states which can take care of model uncertainties
called system or process noise and measurement uncertainties
or measurement noise [2].

Xka1y = 40Xy + BaVr) (11)
Freety = AafipyAq +© (12)

Ky = %Cg [(Cg RinCq +R>Tl (13)
£y = X(_k) + Ky gy - (Cq Xy (14)
By = U =K, C)Ry (15)

It consists of a set of prediction equations (11-12) and a set
of correction equations (13-15). The Kalman filter algorithm
flowchart is as per Fig. 3. It starts with initialization of states
and initialization of process and measurement co-variance
matrices. The process co-variance matrix has the dimension of
the ‘4’ matrix of the system and the measurement co-variance
matrix has a dimension of the measurement or observation
matrix. In this particular case, ‘Q’ is taken as le-13 and ‘R’ is
taken as 10. This is based on an intuitive approach, with
apriory knowledge of the system [3].

Initialise state variables and
co-cariance matrices

4’

Time update
Compute X projection
And P projection

L

Make
measurement

L

Measurement update

Compute Kalman gain

Correct state variables
Correct P projection

Fig. 3 Kalman filter flowchart

The DC motor is modeled in an open loop mode and the
time response and output data set is generated. The
measurement so obtained is corrupted by a white noise of
mean zero, which can be generated using the Matlab” function
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‘randn’. With this corrupted measurement, the Kalman filter
can estimate the correct amplitude of the state variable. Fig. 4
shows a corrupted measurement and Fig. 5 shows the
estimated current and speed, in presence of noisy observations.
The Matlab® code used in this tutorial is available for
download through the link provided.

Measurement noise(A)
o
—
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samples
Fig. 4 Measured current (corrupted by noise)
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Fig. 5 Estimated current and speed from noisy measurements

IV. DC MOTOR SIMULATIONS ON 6713 DSP

DC motor modeling and simulations on a floating point
DSP is discussed in this section. Spectrum digital® DSK based
on TI® TMS320C6713 processor is used for simulations. This
DSK is based on 32 bit floating point processor, with both
built in flash of 512 kB and 16 MB SDRAM. Besides, it has
other additional features which include a codec and a built in
one channel 8 bit ADC and DAC. This DSK works on a single
5 volts power supply, with 4 number of on board LEDs and a
set of DIP switches. These DIP switches can be used for
simulating limited external events, and the LEDs can be
programmed to indicate any specific conditions based on the
outcome of the computations. The programming in done
through USB interface and the development platform for this
product is code composer studio® from TI®. Fig. 6 gives the
photo of DSK [4].
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Fig. 6 DSK 6713 (courtesy: Spectrum Digital®)

The essential pre requisites are the code composer studio
and the DSK. Initial training can be had on the CC studio
itself, as there is a device simulator mode available, which can
simulate the results exactly as the DSK would have given.
During the setup, the specific DSK (6713) is to be selected for
the simulator to function properly. The CC studio [5] provides
an integrated development environment, primarily based on
project concept. A project file will have many types of files
including system, GEL, header, library and the user programs,
which is written in either ‘C’ or assemble language. User has
to correctly select a list of system files pertaining to the
specific processor, its library files and the header files. Simple
tasks are provided in CC studio to start with. After this, the
project menu allows the user to compile individual files or
build the while project with all the included files to generate a
‘COFF’ or an ‘OUT’ file, which can be loaded to the
processor’s flash and executed. The following are the steps to
work on a DSK 6713 environment. The pre-requisites are also
given (first two steps). The project file can also be
downloaded from the link provided.

1. A DSK 6713 kit (Spectrum Digital).

2. Code composer studio (An evaluation version is
available at TI” site for download) is to be installed
in the PC, preferably in default ‘C’ drive.

3. The DSK can be power up and connected to a
windows based PC through a USB port.

4. Diriver files are installed properly for the DSK.

5. Tt is advisable to load both DSK 6713 and the device
simulator at the setup stage, so that even if the DSK is
not available readily, the simulator can be used.

6. On starting CC studio, the DSK will be detected
initially and no error messages will be given if
everything is properly installed. An interactive pop up
menu will turn on in case of any issue, which can be
ignored, so that the simulator can be started.

7. The project file, which is provided in the link can be
downloaded and copied to my project folder within
CC studio.
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8. Check all the project dependencies and compile
through ‘Build all’ option. Select 671X option in
compiler if it doesn’t work properly.

9. The project will be compiled and an ‘out’ file will be
generated by the compiler, with no errors and
warnings.

10. From the ‘File’ menu, load this program, which is
usually residing in the default project folder, under
the debug sub-folder, with an .out’ extension.

11. The assembly code will appear in the active right
pane. From the debug menu, give a ‘run’ command to
execute the assembly code of DSP. After successful
execution, test passed message will appear and
various parameters can be viewed through ‘view’
menu.

12. Check the main program to and familiarize with
variables such as ‘observ’ for noisy observations,
‘cur’ and ‘spd’ for current and speed etc. From the
view menu and the graph option (time/frequency) the
trend of these variables can be seen by providing the
variable name, the number of data (251) and the
format of data (32 bit floating point format).

13. CC studio can handle both simulation of 6713
processor to a great extend and the DSK itself. The
selection of the type of environment is to be given
during starting of the program.

Fig. 7 gives the listing of the main ‘C’ file, which is
separately given in Appendix-II also. Typical project
environment for the dc motor simulation is shown in Fig. §,
which gives a list of files required to be included in the project
environment. All the associated files are provided in the
project file. The native compiler of CC studio environment
support ‘C* and ‘C++’.

All the functions and main programs are to be written in
‘C++’ or assembly language for it to compile properly.
Matlab” can handle the matrix operations easily, but for a DSP

system development, all the functions and programs are to be
developed in ‘C’ or ‘C++’ only.
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Fig. 7 List of associated files required for compilation

The code for dc motor simulations and the Kalman filter
code are provided in the annexure-1. Fig. 8 shows the
corrupted measurements provided to Kalman filter through a
data set and Fig. 9 shows the current estimation by Kalman
filter in DSP and Fig. 10 shows both the estimates as
computed by the recursive Kalman filter iterations.
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Fig. 8 Measured current, which is corrupted by noise
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Fig. 9 Estimated and actual current of dc motor in DSP
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Fig. 10 Estimated speed and current by Kalman filter (DSP)
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V. CONCLUDING REMARKS

A tutorial on DC motor modeling and simulations in
Matlab® and implementation of Kalman filter for estimation
of states from corrupted or noisy measurement is presented.
A step by step approach for the implementation of the same
in a 32 bit floating point TI® TMS320C6713 based DSP and
the results are also provided. This tutorial gives details of
how to implement dynamic model simulations in discrete
domain and a stochastic filter implementation both in
hardware and simulation mode for a floating point DSP. The
associated codes are available for download, which are
expected to be helpful for the beginners, to get an experience
with a floating point DSP.

APPENDIX-]
Web links for code download

1.www.iitb.ac.in/student/~padmakumar/dcm_matlab.zip
2.www.iitb.ac.in/student/~padmakumar/dem_ccsproj.zip

APPENDIX-II
‘C’ routine for dc motor simulation and Kalman filter in
Code Composer studio

void TimerEventHandler(void) {
/* process timer event here */

cnt++;

AT[0][0]=A[O][0O];AT[O[1]=A[1][0LAT[1][0]=A[O][1];AT[1][1]=A[1][1]

Xhatproj[0][0] = A[0][0] * X[0][0] + A[1][0] * X[0][1] + B[0][0] * 12.0;
Xhatproj[0][1] = A[0][1] * X[0][0] + A[1][1] * X[0][1] + B[O][1] * 12.0;
AP[0][0]=A[0][0] * P[0][0] + A[1][0] * P[O][1];

AP[1][0]=A[0][0] * P[1][0] + A[1][0] * P[1][1];

AP[O][1]=A[0][1] * P[0][0] + A[1][1] * P[O][1];

AP[1][1]=A[0][1] * P[1][0] + A[1][1] * P[1][1];

APAT[0][0]=AP[0][0] * AT[0][0] + AP[1][0] * AT[O][1];
APAT[1][0]=AP[0][0] * AT[1][0] + AP[1][0] * AT[1][1];
APATI[0][1]=AP[0][1] * AT[0][0] + AP[1][1] * AT[O][1];
APATI1][1]=AP[0][1] * AT[1][0] + AP[1][1] * AT[1][1];

Pproj[0][0]= APAT[0][0] + Q[O][0];
Pproj[1][0]= APAT[1][0] + Q[1][0];
Pproj[0][1]= APAT[0][1] + Q[O][1];
Pproj[1][1]= APAT[1][1] + Q[1][1];

INVCPCT = 1.0/(Pproj[0][0] + R);
PprojCT[0][0]= Pproj[0][0];
PprojCT[0][1]= Pproj[0]1];
K[0][0]= PprojCT[0][0] * INVCPCT;
K[0][1]= PprojCT[0][1] * INVCPCT;

innov =(observ[cnt]- C[0][0] * Xhatproj[0][0]);

xhat[0][0]= Xhatproj[0][0] + K[0][0] * innov;
xhat[0][1]= Xhatproj[0][1] + K[0][1] * innov;

KC[0][0]=1.0-K[0][0]; KC[1][0]=0.0;
KC[0][1]=-K[0][1]; KC[1][1]=1.0;

P[O][0]= Pproj[0][0] * KC[0][0] + Pproj[1][0] * KC[O][1];

P[1][0]= Pproj[0][0] * KC[1][0] + Pproj[1][0] * KC[1][1];
P[O][1]= Pproj[0][1] * KC[0][0] + Pproj[1][1] * KC[O][1];
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P[1][1]= Pproj[0][1] * KC[1][0] + Pproj[1][1] * KC[1][1];

CUR[cnt]= xhat[0][0];
SPD[cnt]= xhat[0][1];
INNV[cnt]=innov;
X[0][0]=xhat[0][0];
X[0][1]=xhat[0][1];

/* Exit from the program when certain count is reached */
if (ent > TIMER_CNT)
{

TIMER_pause(hTimerl);

TIMER_close(hTimerl);

printf("\nTEST PASSED\n");

exit(0);

}
printf("\n Count : %3d ",cnt);

>~ X
E

SNela

=~
S

(1]
(2]

[3]

[4]
(3]

APPENDIX-III
DC motor data used for the code

2.06 Q, Armature resistance;

0.238 mH, Inductance

0.02352, Back EMF constant (Volt-sec/rad)
0.0235, Torque constant (Nm/A)

1.07e-6, Rotor inertia (Kg m®)

12e-7, Mechanical damping factor
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