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Problem statement

e Speed control for PM DC motor
e Aerospace applications

— Flywheel energy storage

— Flight control trim surfaces

— Hydraulics

— Fans

— Thrust vector control

— Fuel pumps




Problem statement

DC Machine Permanent Excitation

B=V/L-RI/L-kw/L

V&:k|/J-TL/J Nﬁrrm
| = armature current w = rotor speed
V = armature voltage g = rotor angle
_ = Inductance J = moment of inertia
R = resistance T, = load torque
K = motor constant




Problem statement

State assignment:

* X, =1

* X, =W - -

* X3=0 . -__:i:h
e X, =T, /J -
Measurements:

e y = current (and possibly position)



Problem statement

& R/L -k/L
e
k/J 0
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e 0 1
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y = SD X+ noise
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Estimate velocity x,
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Simplorer and Matlab

o Simplorer -
— Circuit element models "B i
— Electric machine models — /-
— Data analysis tools ' —
— Interfaces with Matlab /
Simulink == E——e—
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Simplorer and Matlab

* Matlab )\ The MathWorks
— Powerful math and matrix

capabilities
 Co-Simulation _, R
— Link Simplorer and Matlab e ]
— Plot and analyze data in i T2 JJ
either environment —— —_—




Simplorer and Matlab

imlglﬁin'u:nh:nrer Schematic - [sheetl.ssh]

e Use the SIM2SIM tool In
Add Ons / interfacesb6

e Begin the simulation in Simulink

SIMFLORER
Create the model (SML)

Interface:
SiMZ25iM Element

and define the parameters

[
|

Simulator

Matlab/Simedink

Create the model (MDL)
and define the parameters
Simulation & eutput of results

Interface:
S-function simplorer

i
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Interface

~——< Simulator |
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interfacess
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g ECE Lirk
g RMxzpre
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¥ Full-'Wave SPICE Link
¥ Simulink Intetface
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SiM2SiM
BIMPLORER™ Link ntertags




Simplorer and Matlab

Define Simplorer inputs and outputs in the
property dialog of the SIM2SIM component

Simplorer ? Simulink
X

Link Assignment Dialag | Ditput / Bi&playl Lil:uraryl

SIMPLORER - I1 SIMFLORER - QUT

Mame It Shaw N ame Infa Shaow
E stimatedCurrent Mame DCM. 14 Mame
E shimiateds peed Marne A1 | DEM.RA Mame
DCH. LA, Hame

DEM.KE Mame

DCM. Mame

El DA Marne

DCMW.OMEGA Mame

DEM.PHI Mame
DCM.LOAD Marmne




Simplorer and Matlab

e Use the S-function property dialog in Matlab
to link Simplorer / Matlab signals

SIMULINK I | SIMPLORER | =]
Modefd] [EsztmatedCumrent] - E ztimatedCurrent

Mode[l] [MeasuredCurent] - DTk 12

Mode[1] [Fesiztance) - DCH.RaA
Mode[2] [Inductance) £ - DTk Ly
{:--
£

Mode[3] [HotorFlux) DCM.EE

Modeld]  [Inertial DCM.J j LIMLIME, |

Sﬁ‘ V2

EIMFLDRER Link Interface




Simplorer and Matlab

e Begin the simulation in Matlab
 Couple Simplorer’s and Matlab’s strenaths
— Simplorer: power electronics, e
electromechanics, data analysis, l“
state diagrams a8

— Matlab: matrix algebra, toolboxes

e Data analysis / viewing can be done In
either Simplorer or Matlab




Optimal signal estimation

Given a linear system: = Ax+ B,u+ B, w
y =Cx+ Dv

X = State
Yy = measurement
u = control input
W, V = noise

FInd the best estimate for the state X




Optimal signal estimation

Suppose w ~ N(0, Q) and v ~ N(O, R).
The Kalman filter solves the problem

minEj ¢fx- %" (x- X)dt

W

M= AP+ PA" + B QB! - KCP

K=PC'D'R'D™

N j : _ﬂ
&= AX+K (y- CX) ﬁ]



Optimal signal estimation

The H¥ filter solves the problem

X= Ax+Bu+B w

y =Cx+ Dv
gx- K2 dt 1
x(0)- %), + Gy dt+ Mt

This is a game theory approach.
Nature tries to maximize the estimation error.
The engineer tries to minimize the error.




Optimal signal estimation

Rewrite the previous equation:

- 1)~ O+ - Kt G+t <0

ot tIV

J<0

Game theory: nature tries to maximize J and

the engineer tries to minimize J  pesseses
===Illll

min, max J

w,V,X(0)




Optimal signal estimation

The H¥ filter is given as follows:
B= AP+ PA" + B, QB! - KCP +qPSP
K=PC'D''R'D™ |
f= AKX+ K(y- CX)

Note this is identical to the Kalman filter except
for an extra term in the Riccati equation.



Optimal signal estimation

The Kalman filter Is a least-mean-squares
estimator

The H¥ filter Is a worst-case estimator

The Kalman filter i1s often made more
robust by artificially increasing P

The H¥ filter shows exactly how to
Increase P In order to add robustnes>

Bi= AP+PA +B,QB], - KCP+gPSP



Optimal signal estimation

e Steady state:
= AP+ PA" + B,QB,, - KCP +gPSP
=0
K=PC'D'R!D __
R= Ax+K(y-CR) A

. Jacopo Riccati
1676-1754

e This is an Algebraic Riccatli Equation
 Real time computational savings



Postprocessing

Transfer
Matlab data to
Simplorer for
plotting and
analysis
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Postprocessing

o Start the Matlab postprocessor interface
before starting the co-simulation

e After running the co-simulation, the Day

postprocessor can exchange data with
Matlab o

0o
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Po

stprocessing

Drag data
between Day
and Matlab

Matlab variables

/

Matlab output

Matlab commands
\

=] MatLab Toolbox =10] x|
Wariable List
Name | Size | Bytes | Class |
E=tErr 3-D 30672 double array
ok 10001 8000 double array
s 2z 7 double array
Dutput Data Exchangs | Update |
3 ﬂ
s

ks

Evecute |




Postprocessing

 Day cannot handle arrays with more than
two dimensions — use Matlab’s “squeeze”

command

« Make sure Matlab data is not longer than
Simplorer’s time array corns o




Postprocessing

CADantCSUNAnsoftiMatar Filter)

iL
1l

i Channel properties _ﬁl

—r

Mamie
LIpit 5

Chantiel lenth % _
W 1 T~_Simplorer
i 03 data

ok Cancel |

2%} Matt.ab Toolbiox: =10 x
Wanable List
Name |Size | Bytes |Class |
ans 1x3 24 double array
EstErr 3D 30672 double array
i 1000x1 8000 double array
X i 3z double array
Duitput Data Exchange | Update |
¢size(EstErr) <]
AansE =
1 1 3834
Matlab _—Y
33 data
Execute




Postprocessing

i Characteristics

Analysis -2
Characteristics
to view statistical
Information

Sheetlsdb CDamCSUAnsaft Makar Filk

Charnels

f=] - sheetl.sdb CADantCSUNSnsoft)
DCM.Mrpm] - Sheetl,sdb CiiDanicsUL
Loabwal - Sheetl ., sdbCDaniCshan
MREF.MAL - Sheekl,sdb CHDanyC5U A

EstErr - Sheetl.sdb CHiDanyCSUAnsoft

Select the desired
output variable

Estimatedspeed. W&l - Sheetl,sdb CiDe

—EstEn
|
Minimum 04044
M agimum [57.615m
Peak to Peak 0. 46202
bean alue 02136
Rectified Mean 0.21352
F.M.5 value 0.24123
R.M.5 AC 011294
Intagral [63.947m
Crest Factor 16764
Ripple Factor |0,52356
Harm: Factor [1.1293
Peak to Average 21675
Harm: Content ID. 4682

Baza Channel

t

//Elnsa_’_* Create Table:
Export to table




Simulation results

SIM2SIM1

SiM2SiM

EIMFLDREHELink Interface

DCMREA )
Lk LA,

> motor parameters
DCM KE
CHC R p
O7 v control input
b [ &

measurements

i P H

Estimatedspeed
o ) Ouput from Matlab
EstimaltedCurrent



Simulation results

motor
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Simulation results

Simulation parameters:
e 1.2 ohms, 9.5 mH, 0.544 Vs, 0.004 kgxm?
 Initial speed =0 .
cmd speed = 1000 RPM .+ L0
e External load torque
changes from 0 to 0.1

e Measurement errors
0.1A,0.1lrad (1s)




RFM

Simulation results

Speed Estimation Errar
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Simulation results

Steady state parameters:

e Initial speed = 1000
commanded speed = 1000 RPM

 External load torque =0
e Measurementerror=0.1A,0.1rad (1s)
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Simulation results

Speed Estimation Errar
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RPM

0.5

Simulation results

Speed Estimation Errar

—— kalman filter
—— Heoofilter
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Simulation results

RMS Estimation Errors (RPM)
current and position measurements

Kalman filter | H¥ filter

Nominal

R=R/2 0.102 0.106
L=L/2 0.032 0.056
J=0.6J 0.060 0.060
k=k/2 834 828
R=2R 0.122 0.120
L=2L 0.035 0.058
J=21J 0.078 0.082
k=2Kk 941 038




Simulation results

Now suppose we measure winding current
but not rotor position. Can we still get a good
estimate of motor velocity?

&RIL -k/IL 0 0u é/Ld

& u ép u
~ k/J o 0 -1 20~

8= € 1lgx+§ YV + noise
&0 1 0 04 é00
S0 0 0 08 &04§

y=[1 0 0 0]x+noise(0.Lamps, onesigma)



Simulation results

RMS Estimation Errors (RPM)
current measurement only

Kalman filter | H¥ filter

Nominal

R=R/2 0.102 0.102
L=L/2 0.034 0.036
J=0.6J 0.060 0.060
k=k/2 941 939
R=2R 0.154 0.154
L=2L 0.036 0.038
J=21J 0.081 0.081
k=2Kk 959 959




Conclusion

Motor state estimation Is required for
motor control

Kalman filtering and H¥ filtering can be
used for motor state estimation

Steady state filtering saves time
Simplorer / Matlab co-simulation
Estimate motor parameters R, L, J, k



