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ANGULAR VELOCITY CONTROL OF INVERTER DRIVE SYSTEM
WITH THE BRUSHLESS DC MOTOR

The problem of drive system velocity regulationhwitushless dc motor was
analyzed. Motor is supplied by the voltage inverkar parametrical identification
of the drive system mathematical model and seleatiocontroller parameters,
the Box’s numerical static optimization method wased. A subject of analysis was
the sensitivity of control system structures toiateons of motor parameter values.
Laboratory tests were carried out in the systenmn®ik\W motor.

REGULACJA PREDKOSCI K ATOWEJ NAPEDU Z SILNIKIEM
BEZSZCZOTKOWYM ZE WZBUDZENIEM OD MAGNESOW TRWALYCH

Analizowano  problem regulacji  pdkaosci ukfadu napdowego
z silnikiem bezszczotkowymggu stalego z komutatorem elektronicznym. Silnik
zasilano z falownika nagtia. Do identyfikacji parametrycznej modelu
matematycznego negu i doboru parametrow regulatora zastosowano nycEy
meto@ optymalizacji statycznej Box'a. Analizowano slinaos¢ struktur uktadow
sterowania na zmiany warc parametréw silnika. Badania laboratoryjne
przeprowadzono w uktadzie ra@jmwym z silnikiem o mocy 2 kW.

1. INTRODUCTION

So far, in electric drive systems, mainly two typésnotors have been used, that is, the
induction or direct-current classic ones. Nowadayeye and more commonly, the new
generations of motors are used including motor$ wigrmanent magnets or synchronic
reluctance motors. Slight power losses, small dvdirmensions and lowering prices result
in a situation when motors with permanent magne¢srw competing with induction
motors.
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Motors with permanent magnets, in relation to ingucmotors, are characterized with
higher efficiency, higher power achieved from thass unit, momentum high torque
overload capacity and very good regulative pararaete

There are two main types of motors with permanesgmets [1, 5]:

— motors with trapezoidal field distribution in a gégrushless DC Motor or BLDC)

— motors with sinusoidal field distribution in a gépermanent Magnet Synchronous

Motor or PMSM.
BLDC motors are characterized by slightly highemte pulsation, but less complicated
control system.

In further discussion, for the purpose of drivelgsig, a brushless dc motor was used
(BLDC). A measurement of motor physical quantitesl control was carried out with the
use of a computer and ADMC 401 microprocessor systeing the a/d and d/a converter
card.

A subject of this paper is the analysis of the pFobof parametrical identification of
motor mathematical model, principles of selectidrcantroller parameters in the angular
velocity regulation system and analysis of thisteys applying to variations of drive
parameter values.

2. MOTOR MATHEMATICAL MODEL

Principles of operation and basic features are lyidescribed in [1, 2, 5]. Motor
electric diagram is presented in fig. 1. Control todinsistors is dependent on rotor
orientation angled. This angle is usually measured with the use oéettHall sensors
arranged symmetrically on rotor perimeter.

+

Fig. 1. Electric diagram of three-phase BLDC motor

Most common algorithm for the control of BLDC enginis, so called classic
algorithm. It relies on cyclic switching over bewve inverter transistors, resulting only
from a rotor position (fig. 2). In fig. 2, A, B ard mean particular motor winding phases,
whereas H are the upper (positive) group transistand L - the lower (negative) group
transistors.

Electrical circuit equations have the followingof4]

d. .
'—sa'i =-Rslj —E +y 1)
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where: R;— stator phase winding resistancely— stator phase winding inductance;
i; —i-th phase currenty; —i-th phase voltageE; — EMF induced in theth phase.
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Fig. 2. Signals controlling transistors in functiof theangle 8 of rotor shaft
Electromotive force can be described in the follogviorm
Ei = (uKi (2)

where K; — induction coefficientThis coefficient depends on the rotation angleabr

shaft (fig. 3). For thé-th ideal motor phase it has a trapezoidal shapef@ conductive
transistors it is constant.
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Fig.3. Time courses of phase currenis,ig ,ic ) and EFM (E5,Eg,Ec)
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Induction coefficienK,, for rotor angled variations within the range from 0 tatZan
be defined with the following equations:

%8 for HD[O;%T
T
Km for BD(LT;S—HJ
6 6
—%(e—m for em(%’r;%ﬂ) 3)
-Km for HD(E;E)
6 6

6K m
Vi

(@-2m) for HD(— ;271}

where K, is the constant value of induction coefficient fire time of added transistors).
Other coefficients, that isz andKc, are out of phase respectively bz?‘;l and 4—377 To

make use of equations (3) within tid] (O; 27T) set, to determine theg, the current rotor
position anglé, should be replaced with, angle, where:

91=8+27'r—2 for 8<2
3 3 )

2m 2

G=0-— for 82—

3 3

and respectively for coefficiec:

0, =0+21-21 for <22
3 3

4 4 ®)
6 =0-— for 8=z—
3 3

Mechanical and motor electromagnetic torque equoatiare defined as with the
following:

Oclj_ﬂtcz M-Mo, M =—2(Enip+Egis+Ecic)=Kaia+Kgig+Kcic (6)
w

where:J — inertia moment of motorVl , — load torque.
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Input signals in mathematical model (1)—(6) ar¢éostphase voltage, whereas the output
signals — angular velocityy position & of rotor shaft and phase currents. Phase voltages
can be registered by direct measurement, i.e. thithuse of Hall sensors. Usually the
inverter’s rectified voltage is measured, and \ggtaare determined basing on signals from
rotor position sensors. Whereas, instead of phaserts, for the purpose of identification,

a stator current vector amplitude can be used.

Inductancd.gand motor induction coefficienKy, was determined according to
minimization of the mean-square error of the statmrentl

N

=Y (0-TOf 1=4iZ+i3 @)

where:N —number of measurementg, , iz — two-phase components of stator current,

and with the symbol " the solution of motor mathatical model was defined. In the
identification process, inductance, induction coefficientK,, and moment of inertid
were determined. Stator resistafzavas determined by direct measurement.

Whereas the moment of inertlas determined from a minimization of the function

N
1 0 A2
= — ) — | 8
Q= ;(w() axi) ®)
As a result of the identification of motor matheioalt model on the basis of a transient
state, (motor was excited by step change of statitage value of 52,3 V) and
minimization of function (7) and (8) — values oframeters listed in table 1 were
determined. Stator resistance was determined lbgtdineasuremenR{=1,09Q).

Tab. 1. Identification retsul

Etap Ls Km J
1 0,0061 0,478
2 0,0639

In fig. 4, registered time responses are listedostaurrent amplituded and its
mathematical model, for values of parameters deteruinduring a process of function
minimization (7).

Fig. 5 shows the results of identification as altesf function minimization (8).

3. VELOCITY REGULATION SYSTEM

Input quantity of BLDC motor is the three-phasetagé amplitude (in case of three-
phase motor). Variable value of this amplitudedkiaved by modulation of rectified three-
phase voltage. Time responses of angular velocitiyraotor torque for excitation voltage
amplitude equal 60 V are shown in fig. 6. Charastier feature of BLDC motors is
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a torque pulsation. Angular velocity or motor toegeontrol in open system can be carried
out in case of systems with non-excessive quaditpirements.
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Fig. 4. Comparison of time responses of statorentriamplitude (solid line) and its
mathematical model (dashed line)
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Fig. 5. Comparison of time responses of motor asgutlocity (solid line) and its
mathematical model (dashed line)
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Fig. 6. Step responses of angular velocity anduerq

In further discussion, the analysis of angular gigyocontrol dynamics will be made in
regulation system with Pl type regulator, which ddadiagram is shown in fig. 7. The
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algorithm of inverter control was implemented on MD 401 microprocessor system
(Analog Devices Modulation frequency of pulse widths was assuae8 kHz.

@, \ Control system
Pl & -
- voltage inverter

ol T T

Fig. 7. Block diagram of angular velocity regulatisystem

In case of drive system with stiff load mass cotioacn principle, there is no problem
to provide the aperiodic damping of angular velpcittransient process. PI type regulator
settings can be determined according to iterativeimization of control performance
index [6]

1 N

— > \w,(i I

Q= 2. (@) - )’ ©)
i=1

where w, — set angular velocity.

Minimization of function (9) leads to the minimima of regulation error and is
characterized by slight over-regulation of anguwlalocity. Rapid achievement of steady
state causes high motor current values (fig. 8),tmtause of high values of regulator gain
coefficient — also increased oscillations of cutrand torque. For the analyzed motor, as a
result of minimization of index (9) with Box's numieal optimization method, the
following values of regulator parameters were ofsdi k,=218,4 andT;=0,00077 for
w, =100rad/s.
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Fig. 8. Time responses of drive system with PI type regulat

For the purpose of forming a time response of argulocity (a regulation time), the
following function can be minimized
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N
= Q, —ﬁzl @, (i) - i) (10)

where Q, is the set value, being a mean-square error of mggeed. High value 00,

provides aperiodic character of transient statdn Wigh regulation time (high damping).
However, there is often an over-regulation conrceotéth high value of integration
constantT; .

Considerably better result will be obtained by thedification of function (10) by
adding a component considering motor current aonbdit

1 N . . w N
Q=D (@) -+ > 12 (12)

i=1 i=1

where the character of transient state is formeddiding an adequate value of weight
coefficientw. Step response of motor angular velocdity and current amplitude for set
angular velocity ofw, =100 rad/s is shown in fig. 9, and in this example, fbiéowing

results were obtaine#;=1,023 andr;=6,23.
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Fig 9. Step responses of angular velocity regurasgstem

Using the reference model is an effective method paframeter selection.
Determination of regulator parameters is made aiegrto a minimization of mean-square
error between given time responsg (reference model) and time response of regulation
systemw

N
Q=Y (am(® - (12

i=1

Reference model equation was assumed in the foiff gfade element with the following
parameters: gain coefficier = 1,0, time constanT = 0,02 and relative damping
coefficienté = 2,0.
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Time response of the system during the excitatpsdi angular velocityy=100 rad/s
is shown in fig. 10, and the reference model timgponse is marked with a dashed line.
With the use of PI regulatorkd=0,936 andT;=6,57), almost ideal matching of time
response of system angular velocity to a referemogel characteristic was obtained.

120+

100 -----=--=--=-=zza
80
60

w(rad/s), I(A)

40
20

0 e
0.0 0.2 0.4 0.6 0.8
t(s)

Fig. 10. Time responses of regulation system (siml&) and reference model (dashed line)

Values of motor and load parameters can vary dutiegoperation of power system.
Significant feature of every regulation systemtssresistance to variations of parameters.
Low resistance requires often application of ada&ptiontrol. To more precisely determine
the influence of variances of particular objectgmaeters on the regulation system time
response, sensitivity tests were carried out durriagsient and steady state. The evaluation
of angular velocity regulation system on 20 and 5@#ue variance of motor parameters
was made basing on the following sensitivity index

N N
2 wp0)= D ai)

S(i) ==L =1 100% (13)

N
2. @p(0)
i=1

where: w(i) — regulation system response to a set angulacitglealue w, =100rad/s

before the change of given parametexj) — system response after the change of object
parameter. Index calculation was made until theéesysresponse reached a steady state
with 5% error. System sensitivity was analyzedher following nominal motor parameters:
Ls=00061H, R =109Q, K., =0478V/rad, J=0064Ns’/m .

Influence of value change of motor parameters ® thlue of regulation system
sensitivity coefficientS in transient and steady state is shown in tabl&ording to
presented values of sensitivity indexes, practicalll analyzed motor parameters influence
the transient state, and the induction coefficignt and stator resistandg; have the most
considerable influence. Whereas, in case of stegatg, only changes df,, coefficient
values have a considerable influence.
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Tab. 2. Values of sensitieitgfficients S

Parameter Transient state Steady state
change
20 0,00 0,07 0,02 1,93 -0,02 -0,04 -0,02 0,12
50 0,02 0,10 -0,01 4,76 -0,07 -0,08 0,00 0,37
4. SUMMARY

The subject of this paper was the problem of aedsystem velocity regulation with
brushless dc motor. It was indicated that the nmttieeal model parameters of the motor
and regulator can be determined according to thdicapion of Box’es numerical static
optimization method.

Determination of regulation parameters from thegnal quality index minimization
condition, which is the function of regulation err@nables to quickly obtain the steady
state and quite efficient suppression of oscillatio transientstate, but at the cost of
excessive values of current and oscillations ofamdbrque. To have the possibility of
forming the unsteady state of regulation system,ntlodified quality index was used (with
the mean-square value of motor current). There alas a proposition of using the
reference model and determination of regulator rpatars according to the minimization
of mean-square error between set (standard) tisgonse and time response of angular
velocity regulation system.

Also the analysis of regulation system sensitivity changes of values of motor
parameters was made. It was indicated that chaoigemtor parameter values influence
the character of transient state, whereas they balye a slight influence on the steady
state.
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