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Position control system of moderate precision basedaméed dynamics contrbfor the drive with significant
vibration modes is described. To exploit the only position sensor on therside all necessary control variables
are estimated in observers based on motor position and stator curr@sumaeents. The designed controller is of
a cascade structure, comprising an inner speed control loop, whsiphats vector control principles and an outer
position control loop, which is designed to control load angle with prestrilygamics in the presence of flexible
modes. Simulations of the overall control system indicate that the prdpms#rol system exhibits the desired
robustness and therefore warrants further development andreepeal investigation.
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Prisilno upravljanje dinamikom pogona elasticnog zgloba s jednim senzorom pozicije rotora.U radu

je opisano upravljanje sustavom pozicioniranja srednje preciznosti&izra vibracijskim modovima koristen-
jem metodologije prisilnog upravljanja dinamikom. Kako bi se iskoristio sepozicije na strani motora, sve
potrebne varijable stanja estimiraju se na temelju mjerenja pozicije motorars&iatstruja. Projektirani regulator
je kaskadne strukture, s unutarnjom petljom po brzini vrtnje koja se tenaefjrincipima vektorskog upravljanja,

i vanjskom petljom po poziciji za upravljanje kutom tereta s definiranom dik@amu prisustvu slabo priguSenih
modova. Simulacijski rezultati cjelokupnog sustava upravljanja dojurda predloZeni sustav upravljanja posje-
duje Zeljenu robusnost i time opravdava béidazvoj i eksperimentalna istrazivanja.

Klju €ne rijeCi: prisilno upravljanje dinamikom, obzerveri, upravljanje pozicijom, bezeesko upravljanje

1 INTRODUCTION order delay which substantially simplifies the design of the
d h ber of f . | uter position control loop. Presence of the load torque es-
To reduce the number of sensors for position control o6 i the speed control algorithm automatically coun-

the drive with fle_xible coupling, a con'_[rol system based 0l 5 (s the load torque on the motor shaft by producing a
Forced l?ynamlcs Control" (FDC) with measurement of nearly equal and opposite control torque component. Its
rotor position and stator current torque component is de;

loned. A I | is theref | stimate is provided by the motor torque observer. This
veloped. An overall control system is therefore comp ete,cgives FDC a certain degree of robustness not only with re-

with observation of all necessary control variables. Posi
tion control algorithm of the drive with torsion vibrations
is developed in two steps.

spect to external disturbances, but also with respect ti pla
parameter variations, since such variations are equitalen
to load torques applied to the unperturbed plant model.
Firstly, an inner speed control loop is formed for the  The second step is the design of the position control
PMSM rotor using feedback linearisation principles, [1].loop, which is also based on FDC and therefore complies
This control algorithm is formulated in the rotor fixed d_q with the prescribed closed-loop dynamics for load angle
frame, respecting mutual orthogonality of the stator autrre control, in spite of the presence of vibration modes and
vector and rotor magnetic flux vector, to achieve maximumexternal load torque [4-5]. This approach achieves non-
torque under vector control [2-3]. Assuming a known loadoscillatory position control with a settling tim&;,;, which
torque, FDC forces the speed control system to responcan be described as a function of the natural frequency of
with a prescribed linear first order dynamic, which has awo mass system.
specified time constanf;,,. This prescribed behavior of Linearisation of the speed control algorithm and the de-
the speed control loop then enables to replace it with a firsgign of the FDC based position control algorithm, operat-
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ing with the motor position sensor only, require estimationates in agreement with theoretical assumptions made dur-

of state variables including load torques. To achieve thesig its development. Results of simulations confirmed that

tasks three observers complete the overall control systerthe designed control system is capable to eliminate the in-

State dependence of the flexible load variables is exploitetluence of flexible coupling while controlling the load po-

to design their observer as a state observer. The second aition with moderate precision.

server, which produces the first and second derivatives of

the load torque is Luenberger’s type and the reason for its cONTROL LAW DEVELOPMENT

separation from the state observer is to decrease order of

the first one. The third observer is based on similar princi- Development of the position control system is made in

ples for estimation of load torque acting on the motor shaftwo steps. At first the speed control system is linearised to

for correct operation of FDC speed control loop. achieve the first order response to the step angular speed
Systematic analysis of speed control of the drive withdemand [13]. Secondly, FDC position control system with

flexible coupling with PI and PID regulators designed bypr_escribe_d closed-loop dynamics is designed. If cc_)mpared
with previous works the designed observers require mea-

pole-placement method is described in [6-7]. Analysis re- .
sults in an important observation that the different pole_surements of rotor position and torque component of stator

assignment patterns are necessary for the differentmertF,LgreTi Tdh|s way §I|m|rc11at|on of position sensor on the
ratios between load and motor. If for an over damped sys§I € otload was achieved.
tem with a higher moment of load inertia PI regulator with

specified damping coefficients satisfies non-oscillatory op2-1 ~ Description of PMSM and Flexible Load

eration, then for highly under damped systems with load  As a driving motor PMSM is supposed and its descrip-
inertia lower than inertia of motor PID regulator is requdire tion in the synchronously rotating d_q co-ordinate system

to improve the control system performance. fixed to the rotor is as follows:

An optimal speed controller design for a two inertia a0
system stabilization based onHe Integral of Time multi- d—f = WR, (1)
ply by Absolute Errorcriterion described in [8] results in dow 1
analysis of four different controllers. Improvement of eon R [c(Waiq + Uyiq) — Tl (2)

. . R dt J dlq qbd s|»

troller tracking performance was achieved with pseudo- ’ R
derivative feedback anq for better disturbance rejection a dia _ — R, iy +pr£iq + iud’ (3)
feed-forward controller is proposed. dt La La La
. A servo-system, which .exploits the model of two—. % = _LRS iq —pr%id — pZJJ\IJPM + Liuq, (4)
inertia system and Kalman filter based observer to predict q a q q

one step ahgad all state ygriables as well as distqrbanc%ereid iq andug, u, are, respectively, the stator current
is d_escrlbed in [9]. Capability of the propp_sed algorlthr_n to_and voltage components,, L, are, respectively, the in-
estimate and control the speed and position of the drive

erified by simulation with qood result ‘Juctances in direct and quadrature aRisis resistance of
vert 'y“5| uiat \_N' g SUlS. . _ stator phasg]r andwp, are the rotor position and angular
POSS|b|I|ty to eXp|OIt FDC for control of the drive with Ve|ocity respective|y anﬂLs is the external motor torque,

flexible coupling was already verified in [10-11]. Simu- ), is the number of pole pairs and= 3p/2 andJj is the
lation results including preliminary experimental ve’fic  rotor moment of inertia.

tion, confirm the effectives of the proposed control method. . . .
) . Flexible coupling between motor and load for its de-
These works have also confirmed that FDC is capable tg_. = g
o . . . . scription is shown in Figure 1.
control vibration modes while offering precisely defined
dynamic response to the reference position. shaftspring  Externalload  Load mass

FDC based control system designed in [12] requires constantK, torque e, acting mementof
two position sensors for rotor and load position measure- " momenof on load mass
ments as the inputs of FDC position control law. Prelimi-
nary experiments confirmed the possibility to control rotor
and load angle with prescribed dynamics. Mz, acting on

Further study based on simulations, verifies the ability electro-magnetic
to control the drive with flexible coupling with rotor po- control torque I’y
sition and current torque component measurements only. AT Inertial datum
The control algorithm fed by observed state variables in-
cluding torque on the motor shaft and load torque oper-  Fig. 1. Flexible coupling between motor and load

inertia J,

inertia Jg

External load torque,

*"Shaft spring torque
s :KS(GR -6, )

ot
o
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The driven mechanism is a balanced mass with mo2.2 FDC of Motor Speed
ment of inertiaJy,, coupled to the motor shaft via a torsion

spring representing the flexible coupling with spring con- FDC law for rotor speed is based on the feedback lin-
pring rep 9 bing PrINg CON- - risation that yields the first order linear dynamics, wher

stant,Kg. The electrical torque developed by the motor 'STW is the prescribed time constant agg o, is the de-
I'e. I'e andI' s are load torques externally applied, re-
manded rotor speed

spectively, to the load mass and the rotor. The torfjyg,

is direct proportional to the position displacement. Block . 1 /. .
diagram for flexible coupling representation is shown in Or = 7~ (9Rdem - 93) . (11)
Figure 2. Y

Linearisation is achieved through comparison of equa-
tion for prescribed dynamics, (11) with equation for rotor
speed, (2). Setting; = 0 up to nominal speed for vector
control of the PMSM, [2] and equating the RHS of (2) and
(11) yields the following FDC law for speed control loop:

14 dem = 07
iq dem — 1 [%— (GR dem — QR) + FLSi|

.
c¥pnm w

(12)

henceiq = i4 gem andi, = iq qem are regarded as the
control variables. A current controlled inverter is used to
Fig. 2. Block diagram of flexible coupling vary the stator voltage components; andu,, in such a
way that stator componentg andi, follow their respec-
Mathematical description of flexible coupling betweentive demandsiy gem, andiy gen, , With nearly zero dynamic
rotor and load is as follows: lag.

G (®) Since the motor load torqué';; appears on the right
R =WR, hand side of the demanded curreit,..,, (12) it is nec-
0p = N [T —T..], wherel', = K, (0 —6,) (6) ©Ssary to design an observer for estimation of the net load

Jr torque on the shaft of the motade section 3)3 Derived
01 = wr, (7)  stator current demands (12) are used for FDC of PMSM
. 1 rotor speed with the first order dynamics and prescribed
0L = 7. [Trs —Tre]. (8)  settling time,T,, as it requires prescribed linearising func-
tion (11).

Using Mason’s formula the transfer function between . N
the electrical torque and the rotor angle can be derived d@-3 Design of Load Position FDC

rectly from Figure 2 as: To design the prescribed response for a control sys-
5 | K. tem with n closed loop poles having equal real parts,
Or (s) s+ 5= . - e
F(s) = R — Jr —1/T. = wp, and with a specified settling tim&;, then
Ler(s) s2Jp <32 + f]f + f]f) 9 the Dodds settling time formula, [14] applies. If zero over-
e ©) shoot of the step response is required, then:
1 s2+ v%
- 2Jp s+ wl yls) _ ! B
where: Ydem () 14 sTs/1.5(1+n)
K K 7 wherey(s) is the controlled output angl..,(s) is the ref-
Uy = ,/J—S andw,, J—“’ + J—S =vpy/1+ J—L erence input. This formula is valid for the design of FDC
L R L

1?10) speed control algorithms as well as for the design of load

Here, the &ncastre natural frequencyt,, is the frequency angle control algorithm of the drive with flexible coupling.

of the oscillations of the spring and load with the rotor  Plant for load position control is formed by the first

held inertially fixed and withl'z. = 0. The free natu- order transfer function block representing FDC of rotor
ral frequency’,w,, , is the frequency of the oscillations of speed completed with kinematics integrator and integgatin
the combined rotor, spring and load witly, = 0 and these blocks with the model of load. The resulting plant is
Iy =0. shown in Figure 3. Load torque acting on the rotor shaft
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control law for load angle control is derived:

éRdern 1 eL . JL 1 5
> 1+sT, —> Or dem = To {W (0L gem —0L) + ﬁeR
4 /. . K, 4 .
Fig. 3. Block diagram for load angle control L s
S R I TR
T BK, | TR, TR,
does not appear because it has been cancelled in the speed 19)
FDC loop. ] o ]
This control law also satisfies ideal transfer function:
Successive differentiation of (8) combined with (6)
gives: F(s) = Oria(s) _ 1
01 dem (8)  bist + 4b3s3 + 6b2s2 + 4bs + 1°
1 . . . (20)
bo=— K (r—00) -Tr], @4 o | N
Jr The derived position control algorithm, (19) is in the
o1V — 1 { K, (éR _ 9L> _ f‘Le:| . (15) form of_a state feedb_ack control law with the gains already
J determined as functions of the plant parameters and the

desired closed loop system parameters (17). But in this
case, the first and second derivatives of the external load
torque also appear on the right hand side. This is a general
feature of FDC when external disturbances are included

Substituting in (14) fo¥r from (11) and ford,, from
(8) yields for load angle control following 4th order equa-

tion: into the plant model used for the control system synthesis.
K K2 The designed overall control system is shown in Figure 4.
v s ) s
0, = 7T <9Rdem 91?) — (0r —0L)

w L
K, 1. (16) 3  OBSERVATION OF CONTROL VARIABLES

+72FL€ - 7FL€
Ji Jr

All the state variables for the designed control law are
generated by a state observer, which needs rotor position

Using (13) forn = 4, the following 4th order system and stator current torque component as the inputs. For

will yield a specified settling time[,y : the estimation of external load torque derivatives an ob-
server with filtering effect is designed. Load torque acting
15 \4 on the shaft of the motor is estimated in the motor torque

01, (s) (sz) observer.

01 dem (8) A(s)
5 .
As) = 544 <;5) 36 <;5) .2 (17) 3.1 Observer of State Variables
2Ts0 , 2Ts0 f Due to state dependence of the deflection torde,
4 ( 15 ) ot ( 15 ) the ‘state variablesbservetis based on a real time model
2T 2Ty ) of the two-mass system, wheig,. is an external load
torque. In this case the external torque is treated as if it

Th :  the 4th derivative (16) of load . is constant provided that its change over a period equal to
. ee co_n;]pansons é e 4th enilguve ( | ).o. 0ad POSiyne pbserver correction loop settling tiffig, is negligible.
tion, 6, with prescribed position (17) results in: System state equations are:

K, /- . K? K,
i (eRdem - 9R) ——5 (Or —01) + =T s, = wr, (21)
JiT, J2 JZ _
1 4 6 4 1 O = wr, (22)
— = Tpe+ 07+ 50+ =0 = — - K, K, 1
Tt T p0r T ot gl = g7 Oraem —61), Swp = —=2 0L+ =20p— —Tpo,  (29)
(18) Ju Ju Ju
K, K, 1
= =0, - =0 — T, 24
SWR Tr L Tn rR + T 1 (24)

where 05 4. is treated as the control variable and
b = 2T,y /15. By manipulation of (18) the following FDC sl'pe = 0. (25)
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M
FDC 8
e | FOC ey, AR
position T =
S
control L S
ANAAN e e i
8 |&|T.
wL ('UR rL
M toraue e
observer A R
Load
r State [
torque
observer
observer
Fig. 4. Overall position control system block diagram
Rewritten in matrix form: model (26):

é@L 0 71{91 1 0 0 E0L
pL 0 0 1 0 0 (%9 EOR. 0 —koo 0 1 0 EOR
pR 0 O 0 1 0 QR éwL = —al a] — kw1 0 0 —ag EwL
w, | =| —a1 a1 0 0 —ag WL, EwR a3 —ag—ke2 0 O O EwR
WR as —az3 0 O 0 WR €TLe 0 kr1 0 O 0 €T,
e 0 0 00 0 e (28)

T To ensure convergence of the state estimates toward the
+[000a4 O}Fel, .
real states the gains of observiy, , ko, , k., , ko, and

(26)

where constants are defined, = K,/J., a; = 1/Jy,
asz = KS/JR anday = 1/JR
Observer’s equation in matrix form is:

Equation of the dynamical error systehis obtained

of coco

Fel +

kwl
ka
kr1

o O O o

[=NeoNeN -

0
0
—as
0
0

(6r — br)

@7)

kr, must be chosen in such a way that dynamical error
system satisfies condition far — oo £;4) — 0. Such
convergence is guaranteed if the eigenvalues of the system
matrix have negative real parts.

A ko1 —1 0 0
0 A+ koo 0 -1 0
det a1 kwl — al A 0 az =
—as koo + ag 0 A 0 (29)
0 —kr1 0 0 A
X Mkgo 4+ A% (a3 + ko) + Aazke:
+X (aike2 + aske1) +azaskrs.

Under assumption of collocations of all five error sys-
tem eigenvalues at = —wy (the observers settling time
can be determined by formula,(13), which for= 5 re-
sults inT,o = 9/wo), the desired characteristic equation
has form:

(s 4+ wo)” = % +5wps? + 10w s> + 10wd 5% + bwits +w).
(30)

by subtracting observer equations (27) from its real time Comparing the coefficients of the same degree in (29)
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and (30) yields the required values of observer gains:  observer correction loop settling time Tso, is negligible.

5 ) System state equations in matrix form are as follows:
k’pl :wo/a2a3k92 = 5&)0]@,2 = ].OOJO —a; — a3k91

= (10wy — arke2)/a kw1 = (5wg — arkws) /as.

(31) slre 0 1 0 Lre
S]:Le = 0 0 1 FLE . (32)
Although the load torque is assumed constant in the sI're 0 0 O T're

formulation of the observer real time model, its estimate

Tre, Wi". follow a timg varying Ioaq torque and will do so If the error between load torque as the output of state
more faithfully asw, is e_nlarged with respect of the COM-" yariables observer and load torque estimated in the deriva-
putanonal ;tep. Block diagram of load torque observer 1 ISives observer defined as — I, — I, is added with
shown in Figure 5. proper gain into every observer correction loop, then the
torque derivatives observer equations are as follows:

1 s're 01 0 ITLe
= sbe =] 0 0 1 || Ty
Sf‘Le 000 f‘Le (33)
1] k1 .
< + | ko (FLe - FLe) .
LS| ks

Subtraction of (33) from (32) gives dynamical error
system, which has the form
Fig. 5. Block diagram of state variables observer

. . . . € -k 1 0 €
Correct function of observer was verified for estimation ! _ kl 0 1 !
. s . €a | = | —ko g2 | . (34)
of uncontrolled flexible coupling state variables when con- &4 ks 0 0O €3

stant torquel’,; = 2 Nm was applied at = 0.1 s which

was followed by equivalent load torqu&,. = 2 Nm at Convergence of dvnamical error svstem fors
t = 0.5 s. Settling time of the observer was chosen as 9 y y o0

Ts0 = 50 ms. Simulation results are shown in Figure 6. Ei(t)._) O is guara}nteed for the eigenvalues of th_e system
matrix with negative real parts. Under assumption of all

s ———— 2 - three eigenvalues collocations)at= —wy (using(13) for

G 0y rads'] e e [ e TN n = 3 results in observer’s settling timg,, = 6/wo).

fe | T Comparing the desired third order characteristic equation

with equation of system matrix eigenvalues results in the

following gains of observer correction loops:

e, ~10(G" - &)
t[s] t[s]
) 0.2 0.4 06 0.8 1 0% 02 04 0.6 08 1 53 —|— 30)052 —|— 30)(2)3 —|— wg’ = )\3 —|— AZkl —|— )\kQ —|— k3’
(35)
Fig. 6. Simulation results of state variables observer ks = wi, ks = 3w2, ky = 3wo. (36)
3.2 Load Torque Derivatives Observer Load torque observer block diagram of is shown in

To produce the first and second derivative of IoadF'g' 7
torque required by the derived control law (19), a similar ~ Figure 8 illustrates correct function of the observer
observer to the previous one was designed. In this case theéhen the numerically computed first and second deriva-
second derivative of external torque load is treated assif it tives of exponential load torque are compared with the
constant provided that its change over a period equal to théerivatives gained from the load torque observer.
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Fig. 7. Load torque observer

dridt, dJdt, NmsT] T J/dt , dMo/dt [Nms?, Nms™]

drit et
dr/dt
o ot

tfs]
10 ~1000

0 02 04 06 0'8 1 . 0 0.2 04 06 . 08 1
(a) computed and estimated first(b) computed and estimated sec-
ond derivatives

derivatives

t[s]

ko = 3wo, ko, = 3w, kr = Jrwp. (41)

So with sufficiently small settling time of observéy,,,
the observer, which is shown in Figure 9, produces a net
load torque estimaté&}} () able to track real load torque,
I'1«(t) with very small and defined dynamic lag.

Fig. 9. Block diagram of motor load torque observer

Correct function of the motor load torque observer il-

Fig. 8. Computed and estimated the first and Seconﬂjstrates Figure 10. Subplot a) shows the real and esti-

derivative

3.3 Motor Load Torque Observer

mated rotor speed including the difference between them
magnified 5x. Applied and estimated load torque on the
shaft of the motor is shown in subplot b) including the er-

control is estimated inmotor load observér Due to the
fact that the form ofl";s(¢) is unknown, its differential
equations cannot be formed. Motor load tordug, is

variable, which can be seen in this subplot, the observer
produces a correct estimate of load torque on the shaft of
the motor demanded by FDC of rotor speed.

therefore treated as state variable, which is constant pro-

vided that its change over a period equal to the observer®

correction loop settling tim&’,, is negligible. Thus, the

observer real time model is based on (1) and (2) augmentedj: ‘

by a new state equation;- dI'r,/dt = 0.

dox . .
df = wh + kee}, (37)
duw? 1 , . .
dtR =3 [cUpnrriy — T+ koep, (38)
—dI*
dth =0+ krej. (39)

| ur, w'r [rads’]

s [Nm]

80|

t[s]|

“0 01 02 03 04 05 06 07 08 %01 02 03 04 05 06 07 08
(a) real and estimated rotor speed(b) real and estimated motor
incl. error between them torque incl. error

Fig. 10. Real and estimated rotor speed and load torque

Mathematical description of the observer is available in
[13] therefore to save some space only the final compari-

son of characteristic polynomial of the observer’s transfe

function with desired characteristic equation is given:

, 18
,Tsu

108 216

kr 3
— =5 St —.
T3 T

Tn +s

53+k932+kws+ + (40)

Observer’s gaingy, k., andkr for a specified correc-
tion loop settling time, Tso are as follows:

AUTOMATIKA 54(2013) 3, 337-347

4 OVERALL CONTROL SYSTEM VERIFICA-
TION

Simulations of the proposed FDC system followed by
verification of the designed observers via experimental
data collected for control of flexible coupling with two po-
sition sensors described in [12] were carried out to verify
overall performances of the proposed control of flexible
coupling with single position sensor on motor side.
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Simulation results of FDC of the load position are pre- -
sented in Figure 11 and Figure 12. Verification of the ob- " A
servers’ operation from measured data is shown in Fig-

ure 13.

64, 6 [rad] 64

6

4 |
€=10(8 -61)
2
o /‘\ ! |

tls]

) 9‘1 02 03 04 05 06 07 08
(a) ideal and real load position
and difference magnified (x10)

6L, 6 [rad] 6r
10
6L

e=10(6.-9")

t[s]

20 o1 02 03, 04 05 06 .07 08
(b) rotor and load position and
load position error magn. (10x)

o, . [rads™ —
80| Wg, W [rads™]

L 80|
60| © | W'
0 40 7

R

20 20 i

e.=10(ug - w'r) t[s] ey =10(WL-w) t[s]
o 0.1 02 03 04 05 06 07 08 o 0.1 02 03 04 05 06 07 08
(c) rotor and load speed and rotor (d) est. rotor and load speed

speed error magn. (10x)

1000

R dem , Wk [rads™]
800

WR dem

t [s]

and load speed error (10x)

o iq [A]

t[s]

speed

with flexible coupling

rent

The computational step of simulationshis= 1-10~4s,
which corresponds to the sampling frequency achievednd load as functions of time together with the difference
during a previous implementation of the algorithm for FDCpetween real and estimated rotor speethgnified 10x
of load position. All the simulations presented are carriedrhis subplot illustrate that the acceleration period is fol
out with zero initial state variables. A step load angle de{owed by the deceleration one, as expected. Correct func-

mandfy, 4., = 10 rad with settling timeél’,y = 0.2 swas

given asl'z. = 5(1 — e %/99) is applied att = 0.5 s,
being zero for the time interval < 0.5 s. The settling during transients only.
time of the state and load torque observer were chosen as paomanded rotor speed as an input to FDC speed al-

Tso = T, = 12.5 ms, while settling time of motor torque

observer is set db;,, = 1.5 ms respectively.

Subplot (a) of Fig. 11 shows the ideal response and reponent is shown in subplot (f) while thig-current compo-
sponse of the control system to the step load position daient is kept at zero value up to the nominal motor speed
mand,fr, 4., = 10 rad. including magnified difference satisfying condition for vector control of PMSM.
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6. 80, e [rad) 6

200 - N
WL, We, eqlrads’]

2 ‘ \
20 =10(84 -60) -

®
50
e=10(uwr-u'y) &

t[s] tls]

“o 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 0.7 08
(a) ideal and real load position (b) estimated rotor and load

and difference magn. (x10)

speed and error in rotor speed
(10x)

84, O, eo [rad]

&

WL, Wk, ewlrads”]

9=10(8 -

o~

t[s] tis]

wr

“ /\/ ke.ﬁ 10(0) - W)

-D '0‘1 0.2 03 04 0.5 06 07 08 - 0 0.1 02 03 04 05 06 07 08
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Fig. 12. Simulation results for position control of the d¥iv
with various moment of inertia

between them (10x). The realisation of the prescribed po-
sition dynamics is very accurate, which is clear from the

magnified difference.

Also the prescribed settling time

is precisely kept because the load positi6p(t) passes
through9.5 radian at a time very close t@2s. Subplot

b) shows load position and rotor position together with the
error between real and estimated load positimagnified

) ) 10X%. From this subplot can be seen also that in the steady
(€) demanded and real rotor angular(f) d_q components of stator cur- State, the motor electrical torque is transmitted via tie to
sion spring to counteract the external load torque applied
to the load mass. This entails a constant torsional deflec-
Fig. 11. Simulation results for position control of the d¥iv tion of the spring, which is evident from the constant dif-
ference betweefip and f#;, occurring just after the load
torque achieves its steady state.

Subplot (c) shows

the angular velocities of the rotor

( _ _ tion of ‘states observer’ is shown in subplot (d) where the
applied to investigate response of the FDC based contr@stimated rotor and load speeds are shown including the
system. An external load torque with exponential increasglifference between real and estimated load spee)(i-

fied 10%. It can be seen that the errors in estimates occur

gorithm together with
shown in subplot (e).

real response of the motor speed is
The PMSHNj-current torque com-
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Figure 12 shows simulation results of robustness inves- 75wy
tigation when two different moments of load inertia were [ i
applied (71 = 0.75- 103 kgm? and Jz» = 12 - 103 T | I
kgm?) while the moment of motor inertia/g = 3 - 1073 ]{ :
kgm?) was constant. The corresponding encastre natural 7] TR AN B
frequency ¢; = 109.5 rads ! andwv, = 27.4 rads™!) T ‘
and free natural frequency( = 122.5 rads ™! andw, = - AR T -
61.2 rad§1) were determined using (10) for spring con- (a) mgasured rotor po_sition (b) measured d_q components

tantk. — 9 Nmrad-!. To achieve satisfactory results the as an input of state-variables of stator current as an inputs
stan s = ! i ] i - y observer
prescribed settling time for the drive with higher free nat-
ural frequency was set t6,y = 0.1 s and for lower free podied p e ‘ [ v frads)

natural frequency was setfy = 0.2 s. / “

[y | ‘
Simulation results for both chosen moments of inertia | .. kil aﬂ

are compressed into two subplots. Subplots (a) and (b)) ez 1 \ [ ]

i T ‘ ' AW‘WN""A .ulm.,W
show the ideal response and response of the control systen ¥ i Uil

. _ . ; L € t[s]] i L t[s]

to the %teé) |0a(ﬁ p0§|t|0ndijemarﬁi[, dem ;i 10 rad with (c) real and est. load position in- (d) estimated rotor and load an-
Prescr_' e §ett Ing time dfp; = 0.1S an_ _T892 =02s cluding difference magn. (10x) gular speed
including difference between therm@gnified 10x Po-
sition response of the drive including prescribed settling [& "l il
time is accurate, which is clear from the magnified differ- ' HW”%'
ence between ideal and real position response. Subplots (c), : f
and (d) show the estimated velocities of the rotor and load 7' ‘v*
as functions of time together with the difference between . i
real and estimated rotor speedggnified 10x These re- ) W -
sults also confirm correct function of the state observer un- (e) applied and estimated exter- (f) estimated the first (10x) and
der various load conditions. nal load torque second derivative of load torque

+

L] T ar Tt e Nns™ Nms )

o fe/dt”

ﬁ

L Ll A A LI

Correct operation of the designed observers was inves- ) )
tigated using data collected during control of flexible cou-F19- 13. Comparison of measured and estimated control
pling with two position sensors. Results are shown in Figvariables by the designed observers
ure 13. Experiments were carried out for load angle de-

mandf, je,n = 27 rad with settling timelyy = 0.2S  motor side using FDC. An important observation based on
and with exponential increase ?f external load torque andjmyation results is that the mechanical oscillations are
spring constani(; = 24 Nmrad~". completely damped and the peak of transient error if com-

Subplot (a) of Figure 13 shows measured rotor posipared with ideal transfer function doesn’t exceed 0.5 rad
tion for whole data collecting interval. Measured compo-allowing position control of the load with moderate accu-
nents of stator current are shown in subplot (b). Properacy.
function of state observer, which exploits both measured
data as the inputs, shows subplot (c) where measured add CONCLUSION
observed load position are shown including error between L S
them nagnified 10x_Subplot (d) shows estimated rotor ‘FOA position control system based on the principles of

d load | d. Estimated load ition toaeth rced Dynamics Control’ for electric drives with flexible
andoad anguiar speed. tstimated foad position foge rouplings has been presented and verified by simulations.
with both estimated speeds serve as the inputs of FDC

. o Simulation results confirmed that the proposed position
gorithm to control load position. control system can be made to follow the prescribed ideal
One of the output of state variables observer is esticlosed-loop dynamics with moderate precision in spite of
mated load torque, which is utilized in FDC of load po- the presence of flexible modes and external torque. Sim-
sition, as well as creates input for load torque derivativeslation results also confirm accomplishment of the vector

observer. Estimation of the first and second derivative otontrol conditions by keeping direct axis current to small
load torque shows subplot (e). This way proper function ofroportion.

load torque derivates observer was confirmed. Implementation of three observers enables control of

Presented simulation results and preliminary investigaload position with fair precision and to eliminate the load
tions of correct observers operation confirmed possibilityposition sensor. Preliminary tests of observers based on
to control load angle with single position sensor on thepreviously measured data has shown their capability to
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provide estimates of all state variables for control algo- [9] D. J. Shin, U. J. Hah, J. H. Lee, “An Observer De-
rithm including rotor torsion torqué; . s, and external load
torque,I';. respectively. The same is valid about estima-
tion of load torque the first and second derivatives required
by the position control algorithm.

Simulation results indicate that the designed positior{lo]
control system exhibits the desired robustness and there-
fore warrants further development and experimental inves-

tigation.
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