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ABSTRACT

Karl H Bollenbach M S.E.E., Purdue Univer51ty December 1988 Brushless
DC Synchro Drive System. MaJor Professor: Oleg Wasynczuk.

A brushless dc synchro drive system for use in teleoperators is 1nvest1¥
: ;gated The - permanent- magnet synchronous machine is described and a
'mathematical model is presented. A dc-to ac 1nverter is- described and a"
current-band control 1s developed Usmg the current-band inverter control
system, an electromagnetic torque control scheme is developed Through com-
* puter simulation and analy51s,, an operatrng region for this torque control
method is determined. A synchro drive teleoperator system, 'wherein a syn-_
chronizing torque is produced electrically between the rotors of two brushless -
dc maChines, is described which implements the previous electromagnetic
torque control A mathematical model for the teleoperator system is described -
and the system dynamlc performance is demonstrated by computer s1mulation

A_n alternative synchro drive system configuration is also presented in which
“the quiescent power losses and risk of rotor. demagnetrzatlon are. reduced A
mathematical model is developed for this alternate conﬁguration and a com- :

puter sunulatmn is used to 11lustratethesystem response. L



- CHAPTER 1

INTRODUCTION

A synchro dr1ve system is a set of tWo ¢ or more electromechamca.l actua— "

» tors 1n whlch the motlon (generally rotatlonal) is synchromzed For exa.mple,-- o i

7 when there is a dlﬁerence in the mechanlcal p051tlon between the rotors of two e

vsynchronlzed actuators, an electrlc SIgna.l is" sent between the two unlts to.
malntaln ahgnment between the rotors Synchros have found a varlety of uses' o

in control appllcatlons For 1nsta.nce, synchros can: be used to malntaln syn— '

o chronlsm between a pair of mechanlcal shafts, to perform a.rlthmetlc opera.—;

: 't1_ons_ .that ‘use angular 1nformatron, or as an error detector in electrlc manipu- -

v latorsv [l]Also, synchros canb be .‘uSed with human i‘nteraction'a’s a te’leopera-‘ |
: tor - o | |
AV teleoperator 1s a synchro drwe system where the resp.onse of one elec- i
"tr1.c machlne can’ be controlled by another. In the so—called ma.ster-sla.ve'
vlyconﬁguratlon, a human operator guldes the master umt whlle observ1ng theéiv‘l:'
- :response of a duphca.te slave unlt Teleoperators are useful in tha.t the opera-" g
) tor ca.n ha.ve complete control of the sla.ve un1t and Whlle belng physwally'::_

- separated from the slave [2]:



~The many apphcatlons of teleoperators are based on’ the need for the.
human operator to be removed from the hazardous env1ronment where the
"slave un1t is* used Teleoperator systems are used frequently When handhng ~
.radloactlve or other hazardous materlal In a srmllar case, there are teleopera- ‘.
'tor uses in clean—room apphcatlons so that the operator does not contamlnate

Ca process that uses the slave unit.-

“The electromechamcal actuators used in synchro dr1ve systems have typl-"' '

' :cally been dc machlnes or ac induction machlnes. The ac synchro drlve sys- R

tem cons1sts of a synchro transmltter and'a synchro receiver. Both machlnes .
. have a smgle—phase w1nd1ng on the rotor and they are both connected to a'-'
E common ac source The stator of each machlne ‘has three wmdlngs w1th mag-" :
" netlc axes that are 120 apart The two sets of stator w1nd1ngs are connected -
g to each other When the tWo ‘rotors are in ldentlcal posmons relatlve to thelr
,stator w1nd1ngs, the lnduced stator voltages are equal and no current ﬁows"
' vthrough the w1nd1ngs Thus, no electromagnetlc torque . lS produced If therei”‘ :
_1s a dlfference in rotor p051t10ns between the transmltter and the recelver, the'
| . stator voltages are not equal and electrlc current is produced through the sta—-
bltor w1nd1ngs In this case, a torque is produced wh1ch acts to’ reahgn the
‘:rotors [3] In eﬁect the electr1cal connectlon between the transmltter and '

'i i_’recelver causes the two rotors to act as 1f they are connected by a mechanlcal o

Ve shaft

Another electromechanlcal actuator used in synchro dr1ve systems 1s the" “ '
. dc servomotor 'As in the ac synchro drlve system, a synchronlzmg torque is i
-produced ‘whenever there is a difference between the rotor pos1tlons of two

S ldentlcal ‘dc mach_lnes The electromagnetlc torque of each dc motor 1s



propertion‘al to the fespeetive ',armatilre curl;eht which is ebﬁtrblled" sobthat the
torque is proportional to'the measured difference in the ﬁwo rotor positions.
Uﬁlike the ac s'yn"chro drive system, the dc syhchro’ drive system'ean be
powered by separate remotelyﬂl‘o‘cated electric soUrces.i Also, the connection
bétv%e‘e"n transmiﬁter and 'receiver is a low-power electronic signal which can be
transmitted, for example', by radio Waves.' | |

In this thesis; a brushless dc synchro drive system is described. Brushless

" de machines have beeqme Widely ‘used in loW—power ¢control applications:

They -have the advantages of having a small size, precise speed control and

high reliability. In a synchro drive system, the brushless dc machines can be

"pow'ered by separa-te electric sources and the interconnection between the two

machines is a low-power electric s1gnal Therefoi'e, the master and slave 'of the

brushless de synchro drive system can be interconnected by a radlo link which
is advantageous in teleoperator systems. Also, the brushless dc machme ehm— .
1nates the need for mechamcal commutators and brushes that are. assoclated

with conventlonal dc machines.

In addition to teleoperators, the brushless dc synchro drive system

described in- this thesis has potential automotive applications such as elec-

tronic gearing, steering, and differential drive systems. Tn an eleCtric gearing

system, the master unit is driven by a mechanical load. By electronic control,

the Speed (or pos1t10n) of the slave unit can be made an 1ntegral multlple or

fraction of the master unit speed (position) so that the master-slave combina-

tion possesses the salient characteristics of a mechanical gearbox. However,

unlike .a_v‘mechaﬁi’cal gearbox, there is no physical conne‘ctiohr between the

- input and output shafts and the ,‘ gear-ratio can be programmed eleetrieally..



The synchro drive system can, for example, replace a steering column where
the master is connected to the steering wheel and the slave would control the

direction of the front wheels.

In this thesis, the individual components of the brushless dc synchro drive
system are described. Then, the interconnection of the system components is
set forth. The permanent-magnet synchronous machine used in this research
is described and its equations are presented in Chapter 2. These equations are
converted to a form which is advantageous for computer simulation. A de-to-
ac inverter used to sﬁpply the permanent-magnet synchronous machine is
described in Chapter 3. In Chapter 4, the inverter-machine dynamic charac-
teristics are investigated and a means of controlling the electromagnetic torque
is described. Through computer simulation, the limitations of the drive ‘sys-
tem are then determined. In Chapter 5, the interconnection of two brushless
dc motors, as part of a synchro drive system, is described. A mathematical
model and its computer implementation are derived and used to demonstrate
the teleoperator’s response. In Chapter 6, an alternative synchro drive system
configuration is introduced. A mathematical model and its implementation

are also presented for this method.



CHAPTER 2

DESCRIPTION OF SYNCHRONOUS MACHINE

- 2.1 Introduction .

The brushless dc machine considered in this thesis consists of an elght-
pole‘ two-phase permanent-magnet 'synChronous machine and an associated
dc-to-ac inverter. ‘In this chapter, the synchfonous machine is deseribed: and a
mathematical model is provided ‘Which'can:be used to predict‘it's‘dyvnami‘c-e]ecb—.

tromechanical performance.

- 2.2 Two-Phase Permanent-Magnet Synchronous Machine

It is convenient to describe ﬁrst the eléctromechanical equations of ‘a

two—pole two-phase permanent-magnet synchronous machlne The resulting‘ '

-equations are readlly modified, Wlth a sunple substltutlon of varlables, for a

P-pole machlne and, in particular, for the elght-pole machlne 1nvest1gated

A cross—sectlonal view of a two-pole two-phase synchronous machlne 1s

'deplcted in Fig. 2- 1 As shown, there are two sets of stator Wlndlngs Wlth _
- magnetic axes that are 90° apart It is assumed that the resistance (and self-

1nductance) is the same in both stator Wlndlngs The stator voltage equations



can be expressed as
Vs = Tsips + P las . (2.2.1)
Vbs = Ts ips + .p >\bs ’ 8 (2‘2°2)
where p is used to denote the differentiation operator. d/ dt. Also, N, and hpg
are the flux linkages of the as- and bs-windings, respectively, ‘and are related
to the stator currents by
Mo = L iss +msint - (223)
,>\bs = Lss ibs - >\'m coé@r Lo : “ (2.24)
The second term in the right-hand side of (2.2.3) [and (224)] is the com-
vponent of the stator flux linkage due to the permanent magnet rotor. The
peak magmtude of the permanent—magnet component of stator flux hnkage is
denoted as >\ . This so—called voltage constant may be established experlmen-
’tally by measuring the peak open- -circuit voltage Whlle the machme is driven
by a mechamcal source at rated speed. In addition, g, is the rotor dlsplace- |

ment defined in Fig. 2-1. Substituting (2.2.3) and (2.2.4) into (2 2. 1) and

(2.2.2) yields

Vas = Ts las + Ligs P las + >\'m Wy. COS 6; o (202.5)

Vps = Tg ips + Ligs P Ibs + )xllfl w, sin 6; | (2.2.6)
- The previous equations may be applied to a P-pole machine if 0, is interpfeted

as the “electrical” rotor displacement defined as 6, = (%) Opm. Here, O, is

bthe actual mechanical dlsplacement and P is the number of rotor (and stator)

magnetlc poles. In a P pole machine, the electromagnetlc torque can be



bs axis
A |
Scnsor «,
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Fig. 2-1  Cross-sectional view of two-pole two-phase permanent—magnet
synchronous machine.



expreesed [4].
T, = (- ) Nn (i cos 6, +iesin6)  (227)

The voltage an’d ‘tOrque equations‘ given in (2‘2 5)”to (-22 7) contain. '
.coeFﬁclents whlch are functlons of rotor position. To sunphfy analys1s, these »
equatlons can be transformed into the rotor reference frame. The transforma-

tion of the stator variables may be expressed as
s = fus ‘oos 6, + fis sin Or v . ' (2.2‘.8)
f, = fés‘ sin 6, —fy, cos 6, (2.'2.9)- |
Where fisa dummy varlable whlch can represent voltage, current or ﬂux llnk-" ‘
’age, for example, This transformatlon can be viewed as a geometrlc projec- -
tion of the as- and bs- variables onto the rotor q- and d-axis depicted in Fig.
-1. The d-axis is defined as protruding from the north pole of the
permanent—magnet rotor while the g-axis leads the d-axis by 90°. The inverse

‘transformation is identical in form. In particular,

f,o = f§s cos 6 + f§ sin 0; : ' (2{2'10)" o

s = f’s sin 9 —f4scos b , (2 211)

By applying the change of variables to (2.2.1) through (2.2.4) and (2 2.7), the

'Voltage and-torque equatlons become
vl = r i+ N e N | (2212)

vlds = rs 1ds +p >‘dsr, >\qs ’ ' (2213)



Ny = Lgiy (2.2.14)
: >‘§s = Lg icris + >‘;n L e (2'.2.15);
Py | | x

L= Ben G2

‘In these equations, all coefficients are independent of the rotor position, thus
simplifying analysis.
The developed electromagnetic torque can be related to the mechanical

dynamics of the rotating shaft by the second-order differential equation

T, = .Jv(%) P& +Bn (%) %,+ Ty | (“2,2_:.‘1‘7)
Heré, J is the inertia of thev load, By, is the ‘damping <‘:0efﬁrcientvand Ty, is the |
applied‘loéd torque. | | | ’
It is convenién‘t‘to eﬁpress (2.2.12) thfdugh (2.2.16) in terfnsv of the flux
o linrkvagés per second (7/’s) which are related to the flux linkages by |
| b= h -  (2218)
In (2.2.18),. wy s t}he ratéd (base) electrical frequency of the rétof. ‘Substitl‘lt-

ing (¥/wy) for X in (2.2.12) to (2.2.15) gives \

VEs = Ty igs + o P s + ;i— Vs (2.2.19)
T T 1 wrv. . B N . “ )
Vds = Tslgs + “'w‘b_.P Vs — —C*Z wqu : (2220)

where
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%S = Xss ias, . v ’ (2°2°21)‘

Vs = Xes 15 + Wb Am o (2229)
~and
Xe = oLl (2.2.23)

This set of first-order diﬂerential_eQuatiohs can be wri_tteh as -

PPl = wp [vi =I5 igs — u—;; Yl (2.229)
o= o v Wy Lo
pl, = Wy [Vis —Ts lgs + . Vs (2.2.25)

To simplify the sunulatlon of the brushless dc machme, 1t is convement_
to express the previous equations in per umt form. In this conversmn, the
varlables are scaled with respect to their rated values. In partlcular, the equa—v
» tions ‘are’ converted into per unlt form by d1v1d1ng voltages by the base vol-
tage, currents by the base current, etc. The base (rated) voltage and current
are defined .at rated speed. The base impedance Zgp is deﬁned as the ratio of
base voltage to base current.

The per unit form of (2.2.24) ie established by dividing both sides by the -
base voltage Vp. ‘

wl‘

: T ST
Wp |Vgs — Ts lgs _sz_b"(vblds

P Ygs ] . .
L . » 2.2.26)

'Equivalehtly, .
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PV Ve Rie/ls o Ya ) ooy
Vg Ve Va/Is “ VB S

Wheré Ig is the base current. The per unit variables are defined as

s = v SRR (22.28)

oT :

_r igs oo

~ where the bar is used to distinguish’pér unit variables from the ,origin;ﬂ' v'ai'i-_ _
~ables. In terms of per unit variables, the differential eduatiph (2.2.27) l.)eco'.m_e_s‘

< - W=

—r —.—r — T - . - . ." -
pqu = W [Vqs —Isglgs 7 — 77bds} ' S (2230)
R w ST
Where

2231)

Similarly,
vads = W [Vds — Tg s +-u)_b-¢qs] - v (2.2.32) IR
Equations (2.2.21) and (2.2.22), when expressed in terms of per uﬁi_t v_a'r_i_-' S
~ables, become
qu = Xs lgs ~ ' h _ (2233) o |

!

a;s = )_(ss ?;is -+ (f")r >‘m | : g (2234) L

where
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= wh Lis
K=

(2.2.35)
The per unlt electromagnetlc torque can be estabhshed from (2 2 16) In par-

»tlcular, d1v1d1ng (2 2.16) by the base torque TB = (—) A IB glves -

(_2_)>‘m las

. (2.2.36)
'(—P—)’x'm'IB S

"‘,It is 1nterest1ng to observe that the per un1t tor’que Te is numerrcally. equal to‘
' "._the‘per unit g-axis current 1qs Comparing (2230) and (22 32) through‘

: (2 2. 34) with (2.2.19) through (2.2. 22) shows that the electrical equatlons of
the synchronous machine are unchanged When expressed 1n per unit. How-'

ever, comparlng (2.2.36) W1th (2 2. 16) reveals that the expressmn for elec—bf

_ tromagnetlc torque is somewhat dlfferent In partlcular, the factor ( ) km is

..absent in (2 2. 36)

The mechanlcal dynamlcs, deﬁned by (2.2. 17), may be expressed in per
unit by d1v1d1ng ‘both 51des of (2 2.17) by the base torque Tg = ( ) >\

- After minor algebraic manlpulatlon, the followmg equatlon results
Te#QHp_L+D_L+TL"" (2237)

where
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1
2 L o
H = ' | (2.2.38)
is the so-called inertia constant (typically given in seconds) and D is»thé damp-
ing coefficient defined as
B wy
Ty

P

= 2.2.39)
D= |5 (2.2.39)

The system parameters found in Table 2-1 are used in the s‘ubs‘equent
analyses and studies. These motor parameters correspbnd to Magnetic Tech- o

nology, Inc. Model 1600C-059-066.
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Table 2-1 Electrical system data.

PARAMETER SYMBOL VALUE

Number of poles P 8
| Stator resistance rg 6.6 {1

Stator sevlf-inductance LSS 2.9 mH
Voltage constant Aoy 0.012 V's/rad
Inertia J 0.001 oz-in-s
Base electrical speed W 1608 rad/s
Base cﬁrrent I 2.92 A
‘Base Voltagé Vp 193V
Base torque Ty 0.140 N'm
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CHAPTER 3

DES CRIPTION ‘OF INVERTER

3.1 Introduction

In the synchro drive system descrlbed in later chapters, a . dc—to—ac_

1nverter is needed to supply current to the stator windings of each brushless

- dce metor The square-wave 1nverter and its associated control system is

’deseribed in this chapter. First, the basic layout of the inverter and 1ts=pro-
- perties, assuming COmplementary switching, are discussed. Current-band con-'
trol is introduced, which alleWs' the in_verter to reproduce an arbitrary refer-
encewnveform as a stator windingi current. The operation of the square wave

inverter using the Current-band control method is finally described.

3. 2 Square Wave Inverter

“In 5 brushless dc drive system, the frequency of the stator Varlables (Vol—
tages and currents) is controlled so that it is always equal to the rotor speed.
iTher‘efore, it‘is necessary to have a variable-frequency iae s.,ource:th‘at can_pro-

vide a current which is a function of rotor speed.
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'Altllo'ugh a linear amplifier can be used .to proi/ide the 'required voltages
or currents, a square wave inverter is chosen, as shown in Flg 3-1, to minimize
1nverter power losses. The inverter consists of four trans1stors with the stator B
winding connected between the two legs of the bridge. In the ‘two4phas‘e‘
‘machine described in the previous chapter, separate inverters are reduired for
‘vthe two individual phases. Each switch consists of a MOSFET in parallel with ‘
a' free—wheeling dlode. The diode is needed to prevent the sudden 'interr'u‘ption’
of current in inductive loads.” Although the switchlng elements are depicted as
MOSFETS in Fig. 3-1, other types of switching elements may be used, such as"
gate turn—Oﬁ" thyristors or bipolar transistors, depending on the power reduire’-
ments. A dc source voltage is applied across the sets of series—connected
 switches. -

In subsequent analyses, it is assumed that the transistors are . switched as
complementary palrs The t1m1ng sequence in Flg 3-2 1llustrates this mode of. :
operat1on *When S; and Sy are closed and S, and S3 are open, a pos1t1ve vol—
tage is applied across v, that is, Vas = + Vgc. The polarlty of the voltage _.1-s‘
reversed when Slb and and S4 are o‘pen while S, and SS are closed, in particu-

lar v, = - V.

3;3 Inverter Control
The purpose of the inverter is to suoply a current that closely approxi-

mates a sinusoidal reference signal. In tl1is way, the inverter vis able to control |

thelmag'nitude of the stator current. In the control strategy considered, the

fluctuations in current are constrained to lie within an error band ‘around the
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: I
Hin $1Z8 . S i
las
s
+ Vas -
—IE S3 2> Z8 S, 3}-—

GATE
DRIVE

Fig

S]ySA

s2’ s3

. 3-1 Simplified electrical diagram of dc-to-ac inverter.

+Vée T

Vae T

Fig. 3-2 Timing diagram.
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,reference‘ - In particular, the control system switches 'th'éi'inyerterfso‘ as to-
, decrease the current when an upper error limit is reached and- increase the
‘ current when the lower error llmlt is reached This method shall be referred g

to as-current—band »control [5—6].

A hyster1s1s function i 1s used to control the inverter SW1tch1ng as shown 1n
v Flg 3 3 The 1nput of thxs functlon is the dlfference between the reference 51g- .
nal 1ref and the measured current iage The binary output Ly controls the gate |
drlve s1gnal of the MOSFETS. The two pairs of sw1tches are never closed
‘s1multaneously, sw1tches Sl and S4 are turned on When the loglc 51gnal Ll is.
hlgh while S, and S3 are turned on When the complementary s1gnal L1 is hlgh |
“To prevent the poss1b111ty of short-circuiting the de source, the dr1v1ng of one. )
pa1r of gates is delayed br1eﬂy until the -other palr is turned oﬁ However, th1s
v delay is brief and is neglected in subsequent analyses When the 1nput of .the |
| hyster131s functlon exceeds the + € boundary, L; is trlggered hlgh ‘It remains :
a loglc 1 unt1l the input drops below the -.€ boundary, whereupon Ll returns "

' to loglc 0.

An 1llustrat10n of the current followmg a constant reference S1gnal is dep-
icted i 1n Flg 3- 4 In1t1ally, Ips 18 assumed to be Zero Wh1ch is Well below the :
| negatlve boundary Thus, L equals loglc 1, whereupon + Vdc is apphed '
macross v%JLS and the current 1ncreases through the MOSFETS S1 ‘and S4 When :

ety becomes less ‘than - €, Ly is SW1tched low, whereupon Vdc is applled‘ )

. las las

across vas, and 1ag decreases The current path is now through 82 and Ss. |
. ‘When the lower epsﬂon band is reached or 135 -1 > + 6, Ly 1s set hlgh and
- +Vdc is agaln applied to the stator winding. The sw1tch1ng cycle repeats 1tself N

nd the current increases and decreases alternately Wlthln the eps1lon error
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band as shown in Fig. 3-4.

rThe. inYertelf control system can likewise follow a time-varying referénce ,
~signal as shown in Fig. 3-5. The error band is greatly eiaggerated for‘illustra—
tive purpos'es in both Figures 3-4 and 3-5. In practice, ’phe error band is much
smaller and i,; will follow, with high accuracy, the reference ;ignal. At low
input frequencies, this control can reproduce accuratebly a sinusoidal refer_ence
-signai. However, as the frequency of the reference signai increases, there will
be fewer ‘switchves 'pevr cycle andvthe current will become less sinusoidal (higher
distortioﬁ); The performance of the control system at hiéh frequencies will be

considered in the next chapter.
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- Fig. 3-4 Tllustration of current-band control for constant reference current.
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Fig. 3-5 Illustration of current-band control for sinusoidal reference curren_t.v |
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CHAPTER 4

TORQUE CONTROL OF BRUSHLESS DC MOTORS

‘4".>1 IntroductiOnj

When a synchro drive system is used as a positioning device, the elec-
' tromagnetic tordue of the brushless de machines must be controlled with speed '
and precision. In ;this_‘chapter, a methed ofvvcontrolling thevelectromagne-ti'.c
t‘o'r‘"due of a brushless de¢ machine is‘ introduced in Which the stator Windings -
are drlven by s1nus01da] ‘currents. | For use in a practlcal system, an 1nverter,.
such -as the one described in Chapter 3, is needed to supply these s1nuso1dal
~currents A set of computer s1mulatlons at various rotor speeds 1llustrate the' '
limitations of the torque control method. Finally, a mathematical model is
derived wh1ch pred1cts an operating speed range Whereln the electromagnetlc

torque can be controlled accurately.

4.2 Torque Control Method

In the teleoperator or electromc gearmg systems descrlbed in later -
chapters, it is necessary to have a rapld and accurate method of controll_mg

the electromagnetic torque. From (2.2.36), igs is numerically equal to Tk _ﬁ&h_é_n_
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both are expressed in per unit. Thus, the electromagnetic torque can be con;'
trolled by varying the ampl-itude of the g-axis current. In subsequeut analyses,'
' per’un'it notation is assumed and bar notation is omitted for notational con- '

venience.

The g-axis current can be related to the as- and bs-currents as
Vifls = i, cos O, + ipe sin 6, - ' "(4.2.1)
In order to produce a g-axis current'which is independent of rotor position,

the as- and bs-currents must be of the form |

fs = I, cosf o (422)

ips = I sin 6, - o (423)
_ Substituting (4.2.2) and (4.2.3) into (4.2;1) and sivmplifyiug,
(4.2.4)
Thus, in order to control the electromagnetic torque of a’brushless‘dc”motor,
it is necessary to supply the stator windings with currents which are sinusoidal
functions of the rotor position. For the 2—phase stator 'currents defined by
(4 2 2) and (4.2.3), the resultmg electromagnetlc torque is proportlona] to the
amphtude of the stator currents. v

The questlon arises as to whether the selected mverter, descrlbed in

: Chapter 3 can produce a smusordal current waveform of sufﬁclent quahty to
control the torque In order to evaluate the sultablhty of the given inverter
| and its assocrated control system, a detailed computer simulation of the brush-

.less dc dnve system was developed In the followmg computer studies, it is

assumed that the brushless dc motor is operating in the steady state at a



constant rotat1onal speed

The s1mulated steady—state system performance is deprcted in Flg 4 1 '
‘,w1th a constant rotatlonal speed of w = 0 2 Wh where wy, = 1608 rad / s is the
base speed In this and in subsequent studies, the followmg varlables are plot- b'
ted the reference smusmd (i ref), the actual stator current (1as), the stator VOl— '
tage (vas) and the electrornagnetlc torque (Te) The peak amplltude of the' V
reference current I is set to 1 puin each study for purposes of comparlson
' ,In Flg 4- 1, 1t is seen that i, has the same general shape as the reference 1ref.
At thls low speed there are more than a hundred sw1tches in each. per1od of

'The stator current remains within the eps1lon error band (0.10 pu) at all
tlmes Look1ng closely at v,q, it is seen that the sw1tch1ng 1s not symmetrlcv’
. over. a half-per1od The 1nverter sw1tches more frequently as the reference :

| current approaches z€ro and less frequently as“the reference current passes‘ o
through its- max1mum or minimum values Nonetheless, h1s has httle eﬁect »

:on the electromagnetlc torque whlch ﬂuctuates about 1ts ideal value of 1 pu. v
vTherefore, for practlcal purposes, i,s can be cons1dered equal to ief When _wr |
= 0 2 .
A s1m11ar study is shown in Flg 4-2 where the rotor speed has been :

1ncreased to w, = 0 8 wy. In this case, 1as is not as aesthetlcally pleas1ng as in

' the prev1ous study The 1nverter switches less frequently at 22 tlmes per cycle ;

’“Compared to Flg 4-1, it is much more ev1dent that the 1nverter SW1tches less T

‘ frequently as the reference current passes through zero. Here,. the 1nverter
' sw1tches only once between zero and the max1mum of 1 pu as the 1nduct1ve '
' system response stays w1th1n the eps1lon error band Although thls does not

- cause a problem at th1s speed it becomes a problem at hlgher speeds Torque -
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is strll largely unaffected by the odd shape of the Waveform as 1ts average
value remains close to 1 pu. Thus, iag contlnues to track the reference current

- with sufﬁclent accuracy to produce the desired torque o

As the speed of the rotor is 1ncreased further, the current no longer tracks ‘
, the reference "The steady-state performance at w = 1 4 Wy’ is shown in Fig.

4 3 The lnverter now only" switches six tlmes per cycle A dlfﬁculty oceurs
when the mverter swrtches near the zero crossmg of 1lref ‘When the lower er'ror’ .
"_band was reached in prev10us ‘studies, - the current las subsequently 1ncreased

and stayed w1th1n the error band. Here, there is 1nsufﬁc1ent voltage to

. v1ncrease 1as ‘even though the current has fallen below the lower ‘error ‘band.

The stator current das re-enters the error band only after the peak value of 1ref:v

has been passed Thus, la; reaches only 60% of its desued amplltude The ’
study conﬁrms (4.2. 4) where torque is equal - to the amplitude of the stator
currents Torque is l1m1ted to- approxrmately 60% of - its. maximum. At this

speed; the des1red electromagnetlc torque cannot be achleved

The steady—state response when the rotor speed is 1ncreased to W = 1 6
- Wh is: shown in Flg 4 4. In thls ﬁnal study, the inverter sw1tches only twice

»'per cycle The sw1tches occur when i,, crosses the upper or lower error. boun—
: darles, however, the stator current fails to track the reference Due to the lna-'

blllty to track the reference smusmd both T, and the amplltude of i, reach

, approx1mately 50% of the de31red maximum. The current—band control has'_lf" B

_degenerated into a voltage control mode It can be expected that torque will
contlnue to drop as the rotor speed mcreases in thrs voltage mode
. ’_Th‘e Vsteady-state torque versus speed curve shown in Flg. 4-5 i,llustrates :

‘the breakdown of the torque control system. At low speeds, torque remains
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c‘onstant at 1 pu. A breakpoint is reached before W = Wb whe'r;eup'_onthe
torque begins to decrease The torque-speed curve is somewhat linear ’afte'r-r
the breakpomt the nonhnearltles can be attributed to the change in the
number of switches per cycle. It is evident that the torque is essentially con- -
stant in the low-speed region. '

Figures 4-1*through 4-5 illustrate the restrictions on this. method' of
torque control. Although the stator current-tracks*the refer.ence‘_ cur—rent with
hlgh accuracy at low speeds and adequately at moderate speeds, the control
‘'system fails beyond : a certain speed. It is beneficial to predict: the rotor. speed
beyond whlch the current will not follow adequately the reference 31gnal? th_us :

limiting the torque to a value less than desired. .

4.3 Determination of Torque ,Control Operating Region

Central to the synchro drive system considered in subsequent chapters is -
an accurate means of controlhng the electromagnetlc torque. Therefore, 1t '
becomes important to predict the rotor speed range in which the statorr"
’currents will track the reference currents without exceeding the eps1lon error

band, thus. producmg the desired torque.

The fallure to track the reference currents occurs When, due to the back -

emf of the brushless de motor, the current falls to increase even though pos1-”' -
_tive source voltage is applied to the winding (equivalently, When the current

fails to decrea.se when a negatlve source voltage is apphed) The speed range'ir
| for v{rhich’ tracking is guaranteed may be established by comparing the rate of

chan‘ge‘of stator current, with positive applied voltage, to the rate of change -
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of reference current. To ensure tracking, it is necessary that

sref

p ia.s > P las when Vas = +Vdc

and

Py < pilz:gf when v, = —Vgy

In either case, it is assumed that
i — /21, cos 6,

Differentiating,

pi = — V2 I, w sin 6,

From (2.2.5) with v,; = +Vj,,

1
LSS

. ) ) .
Ply = [Vdc — Tg lpg — Wy >‘m Cos 91.]

From (4:3.1)
p ia.s — P i;,if >0 when _Vas = +Vdc
 Substituting (4.3.4) and (4.3.5) into (4.3.6),

1
.LSS

Equivalently

Vi > 1, las + W Ay cosfy — Va I, Ly w; siné;

Assuming that i, is approximately equal to the reference ira‘j;f'

the error band,
i,e = Va2 I; cos 6,

whereupon (4.3-8) becomes

[Vae — Ts las — Wr A COS A +"\/5 I, w, sin 8, >0

(4.3.1)

(4.3.2)

(4.3.3)

(4.3.4)

- (435)

(4.3.6)

(4.3.7)

' ’('4;’3.’8)'

when it is within

(4.3.9)
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. Vdc > (\/5 rg I, + wr.)\_,n,]) cos 0; — \/5 Iy Lgs wyp sin 0, ._,_(4‘.3._1_07)»

Equivalen'tly |
V4o > cos (0; + ¢) (\/Ersl+ '\/_I Xss—r—.
: _ Wh Wy
(4.3.11)
where o
' '\/;IS Ly Wy -
¢ = tan~? R (4.3.12)

'\/5 rs I + w; Ay

Thé previous inequality should be satisfied for all values of 6, Whereﬁpon o

Vdc >

. | v S s _._ 
W, : w, o
(\/-2,— e Iy + — Am wp)? + (V2 I Xy — ) (4.3.13)
W . W o
‘ - Wr .
Solving for 'E‘" a quadratic inequality results.

r

0 > ((\y)? b+212X§s +2\/§rsﬁ.wb

(2 r§ Ig —Vﬁc) -

| 319

The maxi‘n’him speed ifofr which this equality is satisfied is-
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[w, ] Vo L+ V(@V2 r L — 4 [\ wp)? + 212 X2)(2 3 12 - V)
bp

2 [(Mm @) + 2 I XE]

(4.3.15)

Below this speed, tracking is guaranteed and the electromagnetic torque can be

controlled with high accuracy. Beyond this speed, the torque is redqced ciue_ to

the inability to supply the desired reference currents. For the niachine

parameters given in Chapter 2, the calculated maximum speed below which
W,

tracking is guaranteed is [—r—] — 0.728. This compares favorably with the
., by ,

breakpoint value depicted in Fig. 4-5.
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CHAPTER 5

BRUSHLESS SYNCHRO DRIVE SYSTEM

5.1 Introduction

A synchro drive control method is préposed in this chapter. A mastelf-.
slave cor_it‘rolvsystemi that uses sfnﬁsdidal input currents to control the torque
of twoideﬁtical brushless d¢ machines ‘is descﬁbed. ‘The implemenfatfbn .?1of '
fhis method o_f control is explained “at the systeiﬁ' level én-d a\“-si,rvnpliﬁed;,
‘mathematical model of the synchro drive system is developéd which'i‘ca.‘n: ‘b‘e
used to predict its“electr‘omech'anical behavior. A cOmputer”‘ simulva‘t"ién ié‘pevr-
formed to compare the praqtiqal characteristic‘s of the‘co.ntrol ‘sysfém to‘that

of the simplified model..

5.2 Control Scheme Derivation

The i)rim:ir}f objective of the synchro-drivé system isftQ have one brush-
less de motor follow the:other mechanically. In other Words, the i;Wo motors
‘shoﬁld réspond as}li_f they were connected by a mechanical shaft. In subse—
q'uenf“diséussionsb, if is. convenient to refer to 6ne of the motors. as the- masf;er '

and the other as the slave unit in a master-slave combination.
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E The torque apphed to the rotor of the master by a ﬁctltlous mechanlcal o

‘ shaft connectlng the master and s]ave can be wrltten as
ﬂ—K(*M s o (521)
where K is the s'tiffnessconstant of the shaft, 6;; is the position of the mas-_ter,r
and erz is the position of the slave. An equal and opposite torque is applied to.
" the s]a\:fe,;‘vi.e;'i ‘ ' o
T, = K (Hrl - r2) T S (522)
In the synchro drlve control system, an electromagnetlc torque is pro— '

duced thch is proportlonal to the sme of the -difference between the two:'_ '

rotor posmons Assumlng an ideal srnusmdal output from the- 1nverter, the{: -

statOr currents of the master may be expressed
iasr = Ip S,'Hlverz,: | | - (523)
igsl = —I}; cos 00 o o : ‘. (524) 7‘
wherefﬁIp is‘ constant. Likewise the stetor currents of the slave are ‘ |
A im;%m%, h;,htwmﬂ 
e = peoshy ..'.(5.2;6)-__»" |
‘It is 1mportant to. note that the stator currents of the master rare proportlonalr
o the sine and cosine of the slave umt position and vice versa. The stator
currents of the master can be transformed to the rotor reference frame usmg ;
(2.2.8) and (2.29). |

o= Lsn(e—6) 620
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i = I, cos (6;, —-6.1) S (528)
where the superscript rl denotes the rotor. reference frame of the 'méSter?'—

Ap'plying the same transformation to the slave resﬁlts in

itZy = I, sin (6 — ) | - (5.2.9)
i = I cos (0 — o) e (5.2.10)

v‘Sincé Tvé is eqﬁai to igs in per \unit, o
Ter = iigél =1 Sin»(erzlv_ rl) - (5211) B
and .. | | » -
Te = i = I sin (6 — 62) | k | '.(5.2_,_'1,2)'-"._'

If the displacément between rotors is small, the torque will be éppro_}’(imately' -

l»ineakrly rel;ited to the diﬁ"eren"ce in. positions. Thét is, if 9,1 = 0, then
| | Ta = L (0 — rl) 1 | | o (5213) :
énd e |
Tep = Ip (érl - »r_2) | - (5214) : 

. These 'equations are identical to the mechanical relationships. of (521) and
(5.2.2), where the stiffness constant is equal to the amplitudé of thé'sf;itor

_ currents.



38

G System Level Control

In this sectxon, a system-level control i is descrlbed wh1ch apphes the equa—?
' tions’v of the prevrousx section. The expressions for 'electromagnetlc torque, as
'v given' in’ (5 2 11) and (5.2.127), are valid only if the stator currents i,e and i““bsl
»are 1deal smusmds Although the lnverter outputcurrents‘ v“ufill not be ideal |
smusmds, the: mverter can produce sinusoids of sufficient accuracy within a
_glven_ _rotor speed range, as seen in the computer‘studles ‘of the prevlous
: chapter.‘ The vsinusoida’l’- reference current can vbe-synthes‘iz'ed"*from discrete: '
po‘sition information'established from an optical encoder. Tt is assumed in‘fthe
followmg d1scussrons that the reference srnusmds may be conSIdered as 1deal» '
'The resolutlon of the p051t10n encoder ‘must be sufﬁclently hlgh to meet thlski '
‘,_re'qulrer'nent “Here, the layout of -the following system and its lmplementatlon
s explamed so that, for all practlcal purposes, the electromagnetlc torque may.. '
‘be’ con51dered as 1deal | |

| This' method of controlling tWo'brushless dc machines, where 'onef'ollows

| ‘th'e’ other in a master'—slave :conﬁguration, is shown'in Frg 5'—1.1Although'.on’lyv

the control system of the master is shown, the slave control is 1dent1cal Only. o

" the subscrlpts of 6 and 0., 12 need to be mterchanged for the slave control |

: Here, dlgltal measurements from the optlcal posrtlon encoders are exchanged..‘

'between the two motor controls These recerved dlgrtal pos1tlons are con- .

o verted 1nto contmuous (analog) reference signals used to dr1ve the 1nverters

The inverter blocks consist of two. smgle—phase dc—to—ac 1nverters as in
Flgures 3 1 and 3- 3 The stator windings in Fig 5- 1 are deprcted as mductors :
~ The single 1nputs to the 1nverters are the s1nusordal reference s1gnals defined

in (523) and (5.2.4). The- outputs of the blocks are the_wmdlng currents. - |
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| S‘in‘cbevthe cur‘r‘ents thaf drive the master are functiohs of >'9r9; ,. this positidn_ o
must ’be‘ measured by the slave control and seﬁf to the master. II_12 'othéf :
words, position information is exchanged between the two motors.. The posi- :
tion ¢an be sensed optically (optical encoder), magnetically (Hall ”e-ﬁect'-dév'i_cés)r--
or throﬁgh buried sensor windings.  The main requiremen{; of 'thetSeI.ls.é'rf' is
“that its resolution must be sufficiently high that it can be considered as iziﬁ
analog signal. In Fig. 5-1, the output of the position sensor ‘is“depi_‘cte'd _és a -.
rbinary signal. This information is sent by the transmitter in a serial foi_‘Iﬁ to
the receiver of the slave machine. Transmission can bev dohé‘electlfic:ally ..or-bY
a radio‘ link.‘ In turn, the master receives position information from the ‘sléve;'
The two refefence sinusoidal waveforms used by the inverters are derived .
from the incoming position information. The binary output ‘v of the receiver
defines the address of a set of read only memory (R'OM) integrat‘ed_circﬁi’ts
Which‘storé, in binary form, ‘th‘e-sine and cosine 6f the input ‘a‘n“gl‘e. _ZO“nceﬂ '
again, these discrete sinusoidal functions must be of sufficient precision so‘thatv :
when they zire converted to »analog form, low-distortion sinusoids a‘re"pro-
| duced.  The outputs of the ROM look-up table are converted to a’nélog refer-
ence sign’a‘ls.‘u_sing digital-to-analog converters (DACS) which, iﬁ turn, define

the input reference currents supplied to the inverter control system. |
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5.4 Comipu’ter Analysis
A computer study and analysls is performed'to investigate 'the' p'érfor;':
‘mance of the control system described -in the previous section. The mechanl- .

cal system response of the slave motor is deplcted in F ig. 5-2 for a step change

in the'posrtlon'of the master 6;. It is assumed in this and in subSequent stu-—_’ 7

| dies thatthe position' measurement system and the analog conversion _are.pre—
cise enough so that the reference can be considered as ideal. The'following'_
‘variables are plotted in Fig. 5- 2 the stator currents of the slave (i¢ and 1b52)
the rotor reference frame currents of the slave ( igse and i), the angular posr—_
tions of the: master and. slave (6;; and 6,), and the speed of the slave
‘,(.wrrz / wb) Ther peak current (stiffness constant) Ip,,is set to 1 pu in each study -
. ,for purposes of ‘,comv‘paris0n.‘ B | | o
Referring to Fig. 5-2, both rotors begin at rest as 0 1. — 6.9 =._0.' The -
master pos1t10n 0,1 is the reference position supplied to the slave and 1s :
| stepp‘ed .from 0 to 60 The peak value of 6.5 is equal to twice the ‘magni-
‘tude of the step change in 6,;. The frequency of the ensulng osclllatlons of 9,2. |
s found to ‘be approx1mately 278 rad/sec and the t1me-constant assoclated -

“with the decay of these osclllatlons is 0.73 s.

Each of the plotted currents match the predlcted results of (523)

- (5 2. 4), (5 2. 7) and (5. 2. 8) Since 1,0 and ipge are 51nus01dal functlons of the. o

,stepped angle t9r1, they are also step functions. Aftel' the step change in 9r1,_:,f'_
1a52 = sin 60 = 0.866 and 1b52 — - cos 60° = -0 5. The rotor'reference
frame currents 1q§2 ‘and ldsz oscillate because they are functlons of the :
| dlfference in rotor positions. The current lqsz appears to osclllate a_t, the same'."; R

frequency as 6, while i 1d52 osc1llates at twice the frequency of <9r1 because it
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Fig. 5-2 Slave unit response for step change in master positidn.
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varies about cos 0°. Smce 01 mltrally devrates 60° from 1ts desrred posﬂ;lon,

1522 varies a2 maximum of sin 60° = 0.866 and i}2, drops as low as cos 60

0.5. As 9r2 approaches 6,1, i 1q52 and i%%, damp back to their original val_ues of

0 pu aﬁd 1 pu, respectiVely, with the same exponential docay time;constaot as

b o o S -
‘The damping time-constant and oscillation frequ'e;nC}r of the ele.ctrical

torque can be approximated to conﬁrm the mechanics of the computer study '

The mechanlcal equat1on in per umt form is,

Ty = (5.4.1)

Wh
From (5.2.12), the éléctromagnetic torque of the slave is~
Teé = Ip sin (6 — rZ) - (542) ‘
To s.i-mp‘lifjr the arlalysis, I, is set at 1 pu and it will be assumed that 'sin._ (9r1 -
Ba) = (br - <9r2); The latter is true for small changesii’n position.' After'_setf. ,
ting Ty, = 0, and since — po;, the mechanical equation becomes |

2H D

(b1 — br2) = o p? Oy + o p ‘.9:2A | (5-4-.3).-_' ,
- Equivalently,
SHE M T p’ b + SH P‘9r2 + 3H Org | | (544)

Converting to state model form yields [7],
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-0 4 0 |
0r2 2H 91‘2 - y .
p = e | - (545)
Wra I 2H s

_Using the parameters H = 0.01 s, D = 0.05 and wp, = 1608 rad/see, the state

equations become

‘ . ) 9]’2‘ _2.5 1 91.2' i 0 , .
P B + erl (5.4.6)
o g | —80400 O} |wpe —80400] - o 92T
The _‘e‘igenv.alues of the state"matrix' are

M o= 125 ——32835 N = —1.25 +j283.5 ' (5.4.7)‘

' The lmaglnary part of the elgenvalue corresponds to the natural frequency of
osclllatlon Whlle the reciprocal of the real part is the tune-constant assoclated

w1th the exponentlal decay. In partlcular,
7 =08s w, = 285radfs - (5.4.8)

These results compare favorably with the results depicted in Fig. 5-2. The
variations in the two sets of results are due to the error in the previous graphi- |
. cal approximations. The simulation thereby confirms the practical results of
v,the teteopetator control system.

The computer study in Fig. 5—2 illustrates several dlsadvantages of the
‘system control First, the amplitude of the stator current is .constant and
‘equal to the rated value durlng steady-state operation regardless of the '
mechanlcal load. Consequently, there is a constant, qulescent loss of power in
the stator wmdmgs, regardless of the rotor position or mechamcal load. In _

partlcular,



45

+2 2
P]osses = Ts ( 155 T lis )

=1, (I} sin? 6, + If, cos® 6, )

= 1, 15 (5.4.9)

This power will be dissipated in the stator windings regardless of whether the
machine is in motion or at rest. A second disadvantage of this method of con-
trol is that a large d-axis current at no-load conditions may lead to demagneti-

zation of the rotor permanent magnets.
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- CHAPTER 8

AMPLITUDE-MODULATED SYNCHRO DRIVE SYSTEM

6 1 Introductlon

" The teleoperator control system descrlbed in Chapter 5 offers preclse and v-
fast posmon control However, there are potent1al dlsadvantages Wlth thls
' system such as rotor demagnetlzatlon and substantlal qulescent stator power‘ :
. losses JIn: thls chapter, an: alternatlve synchro dr1ve system 1s described 1n :
» Wlllcll the electromechanlcal torque is controlled by varylng ‘the amplltude of »
the stator currents A computer study is ‘then. performed to 1llustrate the

me‘chamcal- and -electrical response ’of_ ‘this: teleop}erator control system.

6.2 Control Scheme Derxvatlon

_ In this sectlon, a control approach is descrxbed Wthh ellmlnates qulescent

stator power losses and reduces the p0331b111ty of rotor demagnetrzatlon ‘Since

a large d—a,x1s current can demagnetlze the rotor, it is advantageous to set lds o

. equal to zero. In this case, the g-axis current igs will be proportlonal to the

: ,stator current magmtude 'Thus, the electromagnet1c torque can. be controlled

E hnearly through the magmtude of the stator currents Referrlng to (2.2. 9) T



a7
ik = i, sin G — ib;l cos 0 | '(6;2.1,)
Setting 1515 fo zero yields |
i, sin 0, = ibsl cos 0 | g (6.2.2)
Likeﬁise, fdr the 'slave | .
foe SI0 Oy = ipey cOS Oy | (6.2.3)
By satisfying (6.2.2) and (6.2.3), the d—axis‘curfent will lv'emain‘equa] to blz‘er;)
for all time and the risk of rotor demagnetization is reduced. The stétor
currents of the master are agaiﬁ set, ds'sinﬁsoidal‘wavefoffns
lpe1 = Iélucos 9r1‘ o (624)
e = Lysimby (6.2.5)
,TO .sétisfy the equality in (6.2.3), the slave éurrents are expresse(i as
| | o = Lpcosfy B (6.;2.6)'
bz = Ipp sin by - (6.2.7)

~ where Iy and Iz are controllable variables. It is noted that (6.2.4) through
(6.2.7) are identical in form t‘okt‘he torque control in (4.‘2_.2_)'and (4.2.3). The
stator currents of the master are transformed to the rotor reference framé

using (2.2.8) and (2.2.9).
i = In o (6.28)
i, =0 S (8.2.9)

Applying the same transformation to the slave resu»lts in
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2y = Ipe (6.2.10)

i, =0 (6.2.11)
As shown in (2.2.36), Tebis equal to igs in per unit. Thus

Ta = In (6.2.12)

Tee = Ipo (6.2.13)

An identical result for torque is found in (4.2.4). Electromagnetic torque is
controlled by varying the amplitude of the stator currents. In order to pro-
duce a torque which aligns the rotors of the synchro master and slave, the

current amplitudes are controlled so that

Ty = I = K (6 —0h) (6.2.14)

Te2_ = Ip2 = K(grl _6r2) (6'2'15)

where K is the stiffness constant of the shaft.

Comparing (6.2.14) and (6.2,15) to (5.2.13) and (5.2.14), the mechanical
equations of the amplitude-modulated system are identical to vthose of the
constant-current method, while the limitations of the constant-current system
are avoided. When 6, == 0, the amplitude of the stator currents are zero.
Therefore, there are no quiescent power losses when the teleoperator is at rest.
Also, since the d-axis current in both the master aﬁd slave are zero, the possi-

bility of rotor demagnetization is significantly reduced.
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6.3 Systemn Control Layout

The current and electromagnétic torque re]ation‘sv'of ‘the previous section
can be implemented with the control ‘system sho.wn‘ in Fig. 6<1 which
corresponds ﬁo the master. The control system for the slave unit is identical -
with 9;1»and 0., interchanged. All assumptions made in Section 5.3 ‘concern-'
ing thevpreci.sion of the binary position information and th‘e reference sinﬁSoids

are assumed to apply herein.

' Although the basic layout is the samie as in the previous chapter, there
are some differences in jzhe system components. First, the output of the ROM
sinusoid look-up table isAa' function of the master position 0, rather than of
the slave poéition Ops- :A»Iﬁulvtiplying digifél, to analog converter (MDAC) is
necessary: to produce a variable-amplitude referjence sinusoid ‘which is used to
control the stator currents.  The referevncev currgntiamblitude Iy is derived

from a binary subtraction of the two rotor positions.

A simplified block diagram of the master-slave interconnection is shown
in Fig. 6-2. Here, the difference between the local position and the récéivéd
positionvarei,multiplied by a gain (stiffness) constant K. The inputs, IPi and
I2, control the electromagnetic torque. '

Thé ‘tfédébﬁ" for using the afﬁplitude—modulated control method is the
increase in c}omp}lexity of the hardware implementation. Referring to Fig. 6-2,
there is an internal feedback of 6,; within the master control system in addi-
ition‘to the external feedback. The control that derives the amplitude "of the

stator currehts adds an additional component to the systein;-
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, _ -pl :
MASTER K P

Fig. 6-2 Master-slave interconnections for amplitude—modulated control. .

6.4 Computer Analys‘is of Angle Step Change L

A com‘p'u:ter Study is performed to’ compafe the - response of “the
amphtude-modulated control method of the constant-current control of the
previous chapter The response of the electrical system to a step change in
position is shown in Fig. 6-3. All of the as_sumptions considered in Sectlon 5.4

are assumed to apply bere and the same variables are pletted.'

Mechan.lcally, the response m Fig. 6-3 is similar to that of the previous
study shown in Fig. 5-2. As before, 6, and .5 start at the zero posﬁ;xon'
When- the master pos1t10n f;1 is stepped to, 60 9,2 follows with an initial
peak value of 120°. There is an oscillation in 6y, which decays toward 60 °
Agaln, the tlme-constant assoclated with the decay of the osclllatxons of 6, ' is

approx1mately 0. 73 s and the frequency of these osclllatlons is close to 278
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2r2
i

b2

Fig. 6-3 Slave unit response for step change in master position.
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vThe differences in response between the two studies are found in the
currents. Prior to the step change in position input, the stator ’cur'rents‘ are
zZero. 'vIn.' addition, the stator currents decay back to zero after the step is
applied. The stator currents i, and ipgp are functions of 8.9, and thus they
are time .Varying. i,.o» peaks when 0., is a minimum and it has a secondary
peak when 6,5 is a maximum. The minimum value of iy oceurs when 6,5 is'a
maximum.- gﬁz oscillates at the same frequency as 9r2, although its response is-
not sinusoidal. The initial amplitude of i 1qs2 isT/3 = - -1.05 pu. This stepping
is proportional to the difference between the rotor positions rather than the
sine of their differences. ‘As' in (6.2.11), i%, remains at small throughout the
study.

Thie alternative method of control offers advantages compare_d to the ori-
ginaI method. The permanent—magnet rotor:rs not subject to ‘demagnetivz_ation.
because iy, remains at zero. Also, i, and o are zero when the rotor is at
rest and ‘power. is used only when the machine is operated Although thrs does
not offer an advantage in constant speed apphcatlons, con51derable power. is

saved when the teleoperator is s used as a posrtlonlng devrce.'

The mechanlcs of this system can easily be conﬁrmed by an eigenvalue

| v analy51s As in (5.4. 1) the mechamcal relatlonshrp in. per umt form is,

Te2 = (6.41)

o
In this case, the electromagnetic torque is defined in (6.2.15) as
Tez = K (01 — br2) ' - (6.4.2)

Substituting in Tep, K = 1 pu and Ty, = 0, the mechanical, equation becomes
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. 2H D
(erl - r2) = _u‘);‘ P2€r2 + E P 6r2 (6.4.3)
Since this differential equation is identical to (5.4.3) and (5.4.4) to (5.4.7), the

eigenvalues are the same as those in Section 5.4. Again,
T = 08 w, = 283.5rad/s (6.4.4)

The above exponential decay time constant 7 and the natural frequency of
oscillation w, matches the results of the computer simulation depicted in Fig.

6-3.

8.5 Computer Analysis of Step Load Torque Input

Although the merits of the teleoperator when used as a positioning device
have beeh s'hown in Sections 5.4 and 6.11, vit is necessary to show its response as
a constant speed device. It must be proved that the slave motor will not slip
as the masfer increases speed. The rise-time and the oscillations of the system
must be considered. Even though the amplitude-modulated control system in
Chapter 6 is considered in this case, the constant-current control method gives

identical results.

To analyze the teleoperator’s response to a unit step in load torque input,

a computer simulation is performed. The study is shown in Fig. 6-4. The fol-

lowing variables are plotted for both the master and the slave: the as-winding
+T2

stator currents (is; and i), the rotor reference frame currents (iflﬁl and g

and the rotor speeds (wy; /wy and wpg/wy) as well the peak current L.
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In Flg 6- 4, the rotor speeds of wrl/wb and W 2/% hav'e' identical
lresponses except for a negllglble delay Each rotor speed is underdamped and-'
increases to approxrmately 90% of rated speed W1th minor" osclllatlons The
teleoperator does not, reach rated speed because of the 5% damplng loss from
each 'rotoi".'-;The amplitude of the stator currents I, approac_hes 90% of unity -
~ and its oscillation has the same frequé'n’cy as wrl [wy and Weg [ w. Since the q- |

axis currents 1q31 and 1q52 are functlons of Iy, their waveforms are similar to
that of Ip2 The stator currents 1331 and i i,50 are funct1ons of both Ip2 and the
vcos1ne of the rotor pos1tlon, s0 ias1 and lbsl vary erratlcally after the step
:change As the amphtude Lo becomes constant, ‘the stator currents become. 3
s1nusords The domlnant frequency of osclllatlon for the stator current amph- .
tude, 'r'ot’or speeds, and’ q-ax1s ‘currents is approxrmately W, = 370 rad/sec.
The time';c0nstant of the decay of these oscillations 'is found to be'r 2 36 ms.:
A torsxona] dynamlcal model can be used to analyze the system response
for a step change in the input load torque [8]. In this analysrs, the electrlcal
N ,teleoperator system is modeled as if the two rotors were connected by a shaft
: The bas1c set of equatlons for the. mechamcal system can be expressed symbol-
"1cal]y as . |

T = 2Hpw+DB+—K®  (651)

~or in matrix form
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Fig. 6-4

System response for step'change in input torque.
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D, 0
0 D,

H1‘0 Wr1 »

0 H,

2
p —_—
Wy Wr.’l

Wr1
Wre

W . 1 K B
+ = .
Uro ‘ P —K K ]

(6.5.2)

Setting T; and T, to zero and converting to state-equation form results in - .

61'1\ 0 I ‘91'1 ‘
. 6r2 % H 1 9r2
pl | = - - 1
(Url ‘ ““» —2— H 1 K — - 2 D (f(jrl
Wro , ' , ‘ O_Jr2

(6.5.3)

The load torque in the slave is modeled as an additional damping component

which is added- to the -Dz,term‘. Sihce identical machines have been assumed

in the previous discussions, the inertia H is the same for both the master and

the slave. Given that D; = 0.05 bu, D, = '1.05 pu and that the machine

parameters are the same as the previous studies, the state-equations can now

be defined as

01'1 [ 0 o 0 v 1 ‘0 9r1
b2l | 0 0 0 1 |[0e
Plua] = |-s0400 80400 —25 0 | |wy
Wiy 80400 —80400 0 —52.5( |,

The eigenvalues of the system are found to be

N = —27.61, N, =0

Ns = —13.70 +j400.0, ), = —13.70 —j400.0

(6.5.4)

(6.5.5)

The results of the eigenvalue analysis are in agreement with the computer

reSults of Fig. 6-4. -Since the time—constaﬁt associated with the decay of the



58

natural frequency is the reciprocal of the magnitude of the real part of an
eigenvalue, the time-constant associated with N\, is 7; == 36.2 ms. This is the
dominant time-constant observed in Fig. 6-4. The imaginary part of A3 and
X4 correspond to the frequency of oscillation, that is w, — 400 rad/s. This

frequency is in agreement with the results of the computer simulation.



 CHAPTER 7

‘SUMMARY AND CONCLUSIONS ‘

In this thesis, a brushless dc control system for synchro ~drive$ and teleo- -
perator Oper‘a'tio‘n h‘as been developed. A mathematicalv _rhodel of the bruShleSs
~dc actuator and its associated de-to-ac inverter were first derived. This ‘dfi’Vé
: systém wasfthen.analyzed,, with the aid of a computer simulation, to deter-
mine its operating characteristics. The speed range in which the torque "of the
E brushleés dc machine can be controlled with negligible tvime délay was deter-
mined anélytibcally.

Two control strategles were then proposed to drive the teleoperator sys-
tem “In the ﬁrst method referred to as the constant-current control method
“the stator currents were constant—amphtude smusmdal functxons of the rotor
positioﬁs. An aligning electrbmagnetic torque was producéd which was pro-
portional to the sine of the difference between the two rotor positions. In the
s'econd,met‘h'od, referred to as the aniplitude-modulated‘ control method,’thev
amplitude of thé statéf_ currents were varied as a function of the diﬁerénce
betweén the ﬁwo rotor positioﬁs. | o

Cémpﬁter studies for applicartionsin positionihg an&’,variable—speed driv-

ing were simulated and analyzed. It was found that both systems had
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satisfactory_me‘c'hanical' response chara-cte.ri‘stics Which could be predicted by
linear coupled differential equations. The constant-current control methdd'
was found to be more desirable when hardware costs are eﬁlphasized. The
amplitude-modulated control method has the advantages that the permanent-
magnet brushless dc motor consumes less power in positioning applications
and that tllle‘risk of rotor demagnetization is reduced. Both methods were
“shown to havé characteristics which make them advantageous over conven-

tional ac and de synchro systems.
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