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ENERGY SAVING PMSM POSITION CONTROL RESPECTING COUL OMB FRICTION

The paper describes development of a new energggsaentrol algorithms for precise
position control of permanent magnet synchronous mof@esigned control algorithms limit
energy consumption for defined rotor position mangvéncrease efficiency of the drive
and contribute to the substantial improvements ofrenment. Overall position control system
consists of three parts. As the first part, thenimium energy generator’ computes a special
acceleration, velocity and position profile, whetlge magnitude and time of acceleration
or deceleration are determined such a way that comtly position demand and prescribed
time for position maneuver. The role of ‘feed-forwgmeecompensator’, as a second part,
is to achieve precise tracking of the prescribef@mence position with zero dynamic lag. Third
part is position controller, which can be based field oriented control, forced dynamics
control or sliding mode control. Developed ‘energgviag control algorithms’ are easy
to implement digitally and can be exploited for posittontrol of existing a.c. drives.

ENERGOOSZCZEDNE STEROWANIE POLO ZENIEM SILNIKA
SYNCHRONICZNEGO Z MAGNESAMI TRWALYMI (PMSM)
Z UWZGL EDNIENIEM TARCIA COULOMBA

Artykut  opisuje wyznaczenie nowych algorytméw ermsgcednego  sterowania
do precyzyjnego sterowania pedmiem silnika synchronicznego z magnesami trwatymi.
Zaprojektowane algorytmy sterowania ogranigzajtycie energii dla okrdonego manewru
potazeniem wirnika, zwkszaj efektywngéé napedu i przyczyniaj sie do istotnej poprawy
srodowiska. Ogolnie rzecz bige, system sterowania pékmiem sktada giz trzech cgci. Jako
CZs$¢é pierwsza, ,generator minimalnej energii” oblicza gego6lne profile przyspieszenia,
predkasci i potazenia, gdzie wielks? i czas przyspieszenia lub deceleragjws/znaczane w taki
sposéb,ze s zgodne zzqdanym potéeniem i czasem przewidzianym na manewr zmiany
pofczenia. Rok ,wstepnego kompensatora sptenia antycypacyjnego”, jako drugiej &zi,

jest osigniecie precyzyjnego namierzenia przewidzianego Zeolia referencyjnego
(odniesienia) przy zerowym ajmdeniu dynamicznym. Trzectzsciq jest sterownik pokenia,
ktory mae bazowd zorientowanym sterowaniu, sterowaniu wymuszonym noijma
lub sterowaniuslizgowym. Opracowane ,algorytmy energoosziiego sterowania” ¢ tatwe

do wdraenia cyfrowego i magbyé stosowane do sterowania péémiem istniejcych nagdow
prqdu zmiennego.
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1. INTRODUCTION

Savings in electrical energy consumption can licaitbon footprint and bring profit
to the environment. New types of controller foeatical motorsrptating and lineay can
help to save substantial part of energy consumegosition maneuver. Contribution of
this paper is development of energy saving corafgbrithms suitable for all position
controlled servo-systems. Implementation of sugbrié¢hms can bring energy savings for
the drive with currently used inverter and machine.

As a verification of possible energy savings &estpace based closed-loop position
control system with prescribed dynamics, [1] hagrbénvestigated with the aim to
minimize energy demands in position applicatio#s energy consumption of the PMSM
for position maneuvers lasting T=8,%nd applied position demartid=10rad was recorded
for varying prescribed settling times of positi@sponse J1(50 — 250ms as shown in Fig.1.
During position maneuver at t=0,2%he drive was loaded with nominal torqugF8Nm.
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Fig. 1. Energy demands for state-space position comindlvarious settling times
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Subplot a) shows chosen individual position resperas functions of time while subplot b)
shows corresponding rotor velocities as the sametifan. Total energy consumption as
a logarithmic function of time is shown in subpt)t Total energy consumption for whole
position maneuver as a logarithmic function of primed settling time is summarized in
subplot d) together with its polynomial regressiomve.

Approximation with eighth order polynomial was &iped to gain expression for
energy demand as a function of prescribed settimg. For the energy demand of the
drive without viscous friction this polynomial hfegm:

w =102 (303838 -38333" +2,076a2° - 0,63183° +0118a* - 0,01323 +0,0012,

and if viscous friction B=0,05 kgfs® is taken into account then the approximation
polynomial has form:

w =10'? (305818 -3857 7 +2,0892° - 0,635° +01186% - 0,014t° + 00,0012, [Ws, s].

From energy saving point of view these resultamtjedemonstrate that the slowest
position response with lowest angular speed hasdoenergy demands$n general it can
be concluded that for energy saving control the maximum speed of the electric drives
should be kept to the minimum practicable values.

To decrease energy demands for defined positiaremeer time therhinimum energy
generator’ B developed. This generator computes a veloaitg-tprofile with minimal
cruising speed together with corresponding positieference. Generator also respects
Coulomb friction of the machine. Computed accéiera velocity and position profiles
limit energy consumption for given rotor positioequest and specified maneuver time.
Results of position control were verified by sintida and experimentally with good
agreement with theoretical predictions.

2. CONTROL SYSTEM DEVELOPMENT

2.1 Mathematical model of PMSM

Equations of the mathematical model of PMSM arenfdated indgO coordinate
system coupled with the rotor, where:

Wa=Lgig+Y¥om 1)
% =Ldlg: 2)

are linkage magnetic flux components,

dig 1 . :
E_L_d(ud -Rdg +ooqu|q), ®3)
di 1
q_ . .
E‘L_(uq_Rslq_erdld_wquPM)’ (4)

q
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are stator currents differential equations. Eleattorque of the motor is done as:

Fe=%(‘+’diq—‘+’qid). (5)

For vector control of PMSM up to nominal speed, reheonditionsy = 0 is kept, the
equation for electric torque can be simplified as:

-3 -
re“?( PM'q)- (6)
Angular speedy, and angle of the roto, as mechanical state-variables are described as:
dw, _1
T_E(re_rL)' @)
°
dt r: (8)

2.2 General concept of energy saving position cant system

The goal of a new concept of position control iscteate control system satisfying
conditions for energy savings. Its basic conceptdigitally controlled a.c. drive with
prescribed position dynamics is shown in Big. The input of the control diagram is
demanded position and rotor position is controbetbut. Overall position control system,
usually of cascade structure, can be based onigleacof field oriented control (FOC),
sliding mode control (SMC), forced dynamics contfleDC) or any other position control

algorithm.
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Fig.2. Overall position control system for AC dr$v

As it was shown, the best strategy of energy sayogition control requires an
algorithm, which for a given position maneuver mirdes the drive’s velocity. Practical
solution satisfying this theory is trapezoidal speeofile, which produces constant cruising
speed. It is highly desirable if acceleration pegfwhich corresponds to this speed profile,
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takes into account load torque. This means tlatthgnitude and time of the acceleration
or deceleration is varying such a way, that a nesitipn control algorithm is saving
energy and load torque is completely compensat&hncept of the'overall position
control algorithm’for energy saving control is shown in the B&g.

Main control algorithm: DSP, PC

— Field oriented control (FOC)
P;mm;n, Feed forward or
peed, . .
d —» zero dynamics lag > Sliding mode control (SMC)
geceleratic pre-compensator or
Eomponel Forced dynamics control (FDC)

Fig.3. Concept of the main control algorithm foreegy saving position control

Complete block diagram of energy saving positiomtd is shown in Figd. It
consists of position control system of Figwhich is completed withgenerator of energy
saving position profileand ‘zero dynamics lag precompensator’

Zero dynamics lag
pre - compensator

0s

e‘dem

Field oriented control (FOC)
or
Sliding mode control (SMC)
or
Forced dynamics control (FDC)

preccdecccccteccdecccccccany

Fig.4. Overall energy saving position control systelock diagram

2.3 Main Position Control Algorithm with PD Controller

Designed position control system has a nested tateic Inner speed control loop
exploits principles of FDC and its response is amsiin the form of the first order delay.

F(S): i er(s) - Wy (5) - 1 , 9)
er dem(s) oy dem(s) 1+ STw
where T, is prescribed settling time of the inner speed rabmbop.

If position control system is to have a specifiettlisig time, Ty, then the desired second
order transfer function may be determined withaitkof the settling time formula, [1]:
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“ N
2
er(s) — 1 — 4y .
- - (10)
er der@ 1+s T59 +£S +E
151+n) Tg 413

Converting (10) into time domain yields the secarder closed loop differential
equation for the rotor position:
81 9

B, =—= 10, yoy— 0, )]—— 6, -
r 4TS%(rdem r) Ty " (12)

Equating the right hand sides of (9) and (11) aolisg the equation for the control

variable, 8, 4, then yields the following FDC law:

. 9T . ). 81T,
B¢ dem = ( —T(")]Gr + %(Gr dem_er) : (12)
9 4Ty

The resulting block diagram for rotor position @ddoop control is shown in Fig. 5.

FDC speed Kinematic

controlled drive integrator
8.4 81T + 6 dem
T de! ;)
4Ty +

Fig.5. Block diagram for FDC of rotor angle

Such design of position control system allows aalbjt choice of time constants,, &nd
T for speed and position control loop.

2.4 Zero dynamics lag pre-compensator

For better tracking of time varying position inpderivative precompensator can
contribute to the improvements of the designed tjpomsicontrol system performance.
Precompensator compensates the dynamic lag bettieerontinuously varying model
output and the actual rotor position so that thdianoof the real mechanism islaved
through being precisely to that of the model. precompensator has the inverse closed-loop
transfer function to the plant equation (10) witfityid.c. gain and thus:

_Omod(s)_ 2 4TZ | 4T,
FPC(S)_G_m(;T_S g1 "5 g 1 (13)
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2.5 Generator of energy saving position profile

The best position control strategy to save enesgy iminimizing the drive’s velocity
for a given position maneuver. There are manyetkfiit speed profiles, which can achieve
demanded position at specified settling time. Tioimize viscous friction losses, which
are proportional to the velocity, rectangular aeraion profile is exploited for
computation of cruising speed,(t) and position profile)(t) are produced by subsequent
integration of the prescribed acceleration as #hiswn in Figba. Demanded acceleration
and deceleration without taking into account loatjte is defined by (14), where J is
moment of the drive’s inertia alg, max IS maximum electric torque of the machine &pd
is coulomb friction determined by measurement.

Fetmax
€ = eIma)f] FC (14)

If load torque is taken to the account the accéterand deceleration equation is as:

Meimax " Tec ¥l

Emi = 3 i=12 (15)

mi
Moreover, chosen trapezoidal speed profile, whiddes into account load torque, shown

in Fig.5b yields lower energy expenditure for a specifiegiheuver time then conventional
linear control techniques and it has a preciseliyndé and truly finite settling time [3].
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Fig.5. Minimum energy generator profiles) without and b) with taking into account
active load torque

If demanded rotor positionfge, total maneuver time, . and magnitude of
acceleration,e,; and decelerationg,,, are known, following formula (16) determines
cruising velocity o, for position maneuver:
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1 [0
oocr:EksTmll— - O'Tezn“] (16)
€E'm

where coefficienk, is defined as:

K = 28 i€m2 .

® e tEmD (17)
Condition for reaching of cruising speed is alofus:
emiler = €molez - (18)

Using condition (18) time of acceleratidn and deceleratiom,; is as follows:

Tk 40
Te =081 f1-—2em ), (19)
2€ i kTS

If shortest maneuver time requires full torque tbé motor for acceleration and
deceleration interval while interval for cruisingegd drops to zero then conditions foear-
time optimal contrdlare satisfied.

3. CALCULATION OF ENERGY CONSUMPTION

3.1 Input power

Calculation of energy consumption results from tfiest and second law of
thermodynamics known as the law of energy degradatill of the energy that enters the
motor is equal to the energy on the shaft of thaomplus reversible and irreversible
energy components.

Total input power R to the machine in terms o#,0,9, («,) stationary variables and
(d,q) rotating variables is:

. : .3 . : 3( . .
Fin = Ugla tUpip t Ul =§(uor'or + UB'B):E( dld ¥ uq'q)' (20)
Total energy expendituregis calculated as time integral of input poweg,: P
m
Eg = | Rndt, (21)
where T, is maneuver time.

There are two major components of energy thatléhe motor, a) the energy supplied
to the connected load and b) the heat that est¢agke surrounding space. In additions, to
these there is the energy of vibration and noisacoustic energy.
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3.2 Reversible energy

A reversible process is defined as one for whih gystem and surroundings can be
completely restored to the respective initial Statfter a process has occurred [4]. The gain
in reversible energy would be in the form of:

1) Kinetic energy of rotation (stored in rotor inertiB:

1.2
Ekin :EJO\) . (22)
2) Energy stored in magnetic field:
12 2 -2)_3( 2 -2)
Emag—E(LS|a+LS|b+LS|C =2 Ld|d+Lq|q . (23)

3.3 Irreversible energy

The irreversible energy of the motor would be evtéch raises its temperature, i.e.,
heat resulting from electrical winding losses andgnetic core losses as well as from
friction. Stator joule losses can be calculatedftase variables as:

—pi2 02 2
APJ-s =Rd3 +Rdp +Rdg (24)
and similar way for§ ) and €l_g) coordinate systems.

Input energy, changed into heat in stator resigtsuis calculated as follows:
Tm
Ene= [ [Pt (25)

Mechanical l0ssesAP e are the sum of viscoug\Pyiscous @and coulomb, APcouiomb
frictions, where B is coefficient of viscous frigti and X is the ratio of coulomb friction to

nominal torque:
AI:)me(:h = AF>Viscous+ Al:)Coulombz (B(*H' XI_el )0.). (26)

Energy spend on mechanical losses can be themdetst as:

m
EAPmech = IO [Apmech] dt (27)
Then total power supplied to the load consistigafer required to cover load torque at the
speed of the drive and mechanical losses (28):

dw

PTotalrL = PI’,_ +APnech+ ‘]ma J (28)

where Rechis input mechanical power aidP...pare mechanical losses.

Energy supplied to the connected loagh.&. can be calculated as:

B Tm[ ]
EPTotaIrZ _.[0 PTotaer dt (29)



2908 P. MINARECH, J. VITTEK, E. SZYCHTA, M. LUFT

4. VERIFICATION OF CONTROL ALGORITHM BY SIMULATION

For simulation and also experimental verificatPkSM with parameters described in
Appendix has been used. Energy expenditure of tiypes of position contro(step
response and energy saving algorithm§PMSM are compared. Position change request
was set t#4.,=18,85 rad(3 revolution} for fixed maneuver time J=0,2s. Coefficient,
B=0,002 kgnits* was used to include losses due to viscous friction

. Position ‘E Position
. [rad] Demanded position (t) .« [rad] Demanded position (t)
Real position (1) m Real position (t)
4 | o ts] : 4 tfs]
al) Position as a function of time a2) Position as a function of time
« Velocit 50 Vel oc_ilt)
[rads" Demanded velocity (t) [rads’] Demanded velocity (t)
Real velocity (t) B Real velocity (t
=~ t[s] t[s]
b1) Velocity as a function of time b2) Velocity as a function of time
Energy Energy. Energy-spend-for viscous friction
[ws] erqy spend for viscous fricn (t) [Ws] Total energy expenditure ()
/ Total energy expenditure () Enerav spend for (og\cmb rv\ct\ n
Energy stored in rotor inertia. ()

—_—

Energy stored in rotor inettia (1)

/ Eheryy spend for ¢coulomb friction

_ — tfs
o Z/g — — tis
g

cl) Energy consumption as a function of tim&2) Energy consumption as a function of time

JS TS S tfsl
=1

Fig.6 Position and speed response with correspandnergy consumption of
1) step position demand and 2) energy saving coatgorithm

Fig. 6 shows as subplots a) and b) position amgdpesponses respectively together
with energy consumption in subplot c) for step mese to the demanded position marked
with index 1) while subplots marked with index 28/ in the same functions for energy
saving control algorithm. Total energy consumptidistep response control algorithm was
Er 10ta=13,25 Ws and for energy saving control algorithmas E 1o,=10,12 Ws

In spite of the same maneuver time energy saviomgral algorithm with reduced
cruising speed for a given position change has %3|6wer energy consumption if
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compared with step response. The analysis of grengponents shows that in spite of the
same coulomb friction for both algorithms the vissofriction is higher for the step
response algorithm due to its direct proportiothdrive’s velocity

5. EXPERIMENTAL VERIFICATION

Experiments has been performed with 32-bit digganal controller MPC5567,
a member of the MPC5500 family of microcontrolldénsilt on the power architecture
embedded technologycluding floating point. Laboratory bench isostn in Fig. 7.

Fig. 7. Laboratory bench for evaluation of energynsumption: 1. 32-bit DSC with
floating point, 2. voltage converter, 3. drivelwi-PMSM, 4. resolver interface

Voltage converter controlled by MPC5567 producesdulation voltages for PMSM.
Experimental results for change request of positdas again set t®y,~=18,85 rad 3
revolutiond with starting time ats£0,2s and end of motion at=0,4s, to keep the same
time interval as for simulations.

‘B,Fog]m n = S Ve:joc ty e e
rai / rad.s
. " lrads] f \
a) b)

Fig. 8. Experimental results for energy savingteoinalgorithm,
a) demanded and real position response, b) redl@served velocity

6. CONCLUSIONS

Presented simulation results confirmed that a neergy optimal position control
algorithm can save a significant proportion of disvinput energy. Described control
algorithms are based on acceleration, speed antiopogrofile generation. Feed-forward
precompensator is exploited for better tracking gefnerated time varying position.
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Acceleration, cruising speed and deceleration foew energy saving algorithm complies
to the prescribed time of position maneuver. Wy the velocity of the drive is reduced
and therefore less energy is dissipated duringtipasimaneuver. Simulation results
confirm that proposed control algorithm can briagiags of input energy if compared with
step response position control. Experimental testénfirmed that a new energy saving
position control algorithm can be easily digitaliyjplemented into control system of
existing servo-drives.
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APPENDIX

PMSM parameters: rated poweg=R440 W, rated curren}#3,64 A, rated voltage (&330 V,
rated speed y¥3000 mirt, rated torque N=4,6 Nm, no. of pole-pairs p=5, 2#%2,627Q,
L2pi=26,66 mH, ¥py=0,13 Wb, moment of inertia J=2,6 kg Zrorque constant 1,376 Nm/A.
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