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ABSTRACT

The obﬁect of fhis thesis is to analyse ana design
a microprocessor based digital speed control system for a
d.c. motor system‘with an IP(Integral-Proportional) control
~algoritem. Also, the PI and the IP control systemé are ana-
lysed using Laplace transfofms.andAZ—transforms.in the case
of analog and discrete caSgs fespectively; They are compare:
according to speed control accuracy,-stability, and especi-
aily load‘characteristics; - |

" The éxperimental set-up comprises a dc mofo: driven

by a three-phase fully cohfrolléd.bridge. The firing angle
of”thq'bridge_ié diréctly cqntrblled-by the microcomputer. -
' For the séﬁéiné‘bf sﬁééé»feédbéck.signal, aidc tachbgénef.'
rator with a teﬂ—bit A/D converter is utilised.

The eduations of thé syétem are derived in discrete
form and by userpf them., it is shown that IP control resul
in gibetter performance than that of the PI éontrql especi-

ally with respect to changes in the load torque.
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OZETCE

Bu tez géll§masin1n Konusu tiimlevsel-oransal dene-
timli bir d.a. motorunun hiz denetiminin mikroisleméi kul—
lanilarak tasarlmlaﬁma31_ve analizinin yapllmasldlr.'Ayﬁl
'zamanda., oransal-tiimlevsel ve_tﬁmlevsel-bransalfdenétim |
dizgelerinin'analog ve diskret(ayrik) analizleri 31raéiy-
la Laplace- donusumlerl ve z- donu§umler1 va81ta31yla yapil-
 m1$t1r. Bu iki dlzge hiz denetlm dogrulugu, kararllllk ve
yuklenme durumlar;na'gore biribirleriyle kiyaslanmiglardir.

’Deneysel diéée, tig-evre tam denetimli kﬁprﬁ ile sii-
riilen bir davmotqrundan ibarettir{vKﬁprﬁhﬁnvtetikleme‘aq1s1b
mikroiélémci taraflhdan dogrudan denetlenmektedir. Gefibes—
leme imi bir takoiiretece bagli bir on-bit»A/D qanﬁétﬁfﬁcﬁ
11e saglanmaktadlr. | | N |

Dlzge denklemleri ayrlk(dlscrete) halde. turetllmlg—
tir. Tumlevsel-oransal denetimin sonuglarlnln oransal—tua-.
levsel denetlmden daha iyi oldugu gorulmugtur. Ozelllkle

yiklenme durumunda tumlevsel oransal dizge daha iyi blr per-

formans gostermektedir.
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J. DESIGN OF CONTROL SYSTEMS

A. TIntroduction

A contréltsystém is composéd of a physical sysfém
ahd controllers which are designed such that it utilises
‘the desired performance of the physical system. A well-de-
signed contrbl Sysfem must satisfy the'following‘characte—
ristics:

(4) system must be stable;

(B) systém'must be robust, |
‘KC)‘thé effects of undesirable inputs such as:noise,
| 10ad‘distufbance ect. to outputs must be as small
as possible, ' |
(D)-the outputs must track'the'inputslas close as
poSsible; |
it is impossible to satisfy all of thse characteristics
for ajphysical system, or it requires complex and expensive
COntroilers.‘ o |
For usual design methoas, either time-domain crite-
rians like’overshbot, steady-state error,‘rise~time, settling
time, or freQuehcy domain criterians like.phaée, gain, band-
width are examined.’{n faét,'with respect to“the system
performance; the behaviour of the system iﬁ the time-domain
~is important,‘that is in our- case, the~reSpoﬁserofithe‘sys—
tem to a stép input. Therefore, time-domain criterians are
' the actual Tespdhse criterians of the systéﬁ.
In~somé céses,-we can reach the desigh aims by chaﬁ;
ging some parameters of the system., However, in most éases,

e this is impossible. Therefore, in this case,we introduce

. R P e B SR B T T T S TR SR
LT . : . P SR FRNPACE RSN

B T I TR ot I




some'contfollers:td a closed loop system, Controllers can
be placed anywhere in the closed 160?. _

‘Recent advances in-LSI technology has awakened a néw
interest in digital cdntroi of motor drive systems. Thé app-
iication of microbfocessors enlarges the selection range
of_control,algoritms and increases the performance of drive
systems copsiderably; The establishment of a guide line is
hecessary to select a suitable control algoritm for a par-
ticular‘design réQuirement.

For the evaluation of the performance of a ﬁbtor
eontrollsysfém,‘as we ﬁentioned,’thefaccuracy; the speed of
responsp'énd'the sensitivity of thé sysfem can be considered
as_primarj indices. InvfigﬁréﬁiiAfi several control algo;
ritms of motor drives are classified according to accuracy,.
response-and robﬁstness. The PI COhtrol.is a conﬁentionéi
~method and widely used in industrial applicatioﬁs. The PLL
control systém gives more precisé speed acbufacy than that
of the‘Pi-control system(l); With respect to dynamic réspo-
nsé, howéver; the spéed settling time of a PLL controlléd
“motor is véry long since it.is based on integral control.
.Th& minimum-time settling control "achievgs very fast respo-
nse when the system configuration isioptimally designed to

(2)

achieve the deadbeat reséonse ;The'mihimum—time'settling
control system is a very high gain feedback.control sysfem
so the performance of this sysfém is sensitife to the devi-
- ation of'motor parameters, The'gliding modé control is ihtg__
roduced tb obtain a robust cdntr01 péff6rmance fb the péra-_
- meter deviation and/of the load torque disturbénceé(B) e
 :Ro5ﬁ$tness, in other Qords 1ow sensitivity to'de§iations

7
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|
|
. |
- in the motor parameters, is a very important index in indust-
rial éppliqations buf unfortunately is sometimes neglcted"
in the design stage.

We introduce a method to design a microprocessor-
based digital speed control system taking into account the
above mentioned indices. It is an Integral-Proportional(IP)

" control, which will be discussed later and is different

" from the ‘conventional PI control law, giving a fast response.’

Speed of response

0 }‘Deadbegt
IP

E
:rPI 7
'Pipigs Accuracy

i —

sliding mode

Robustness‘

Fig.l.A.1 " Perférmance evaluation of.control
' algorithm of motor drive.

A VU

-B. The Design Meth&ﬁs'and Types of.Cohtfoilers
At the design staée,pf a éystem, designers use some
methods. The most ébmmoh method is the roofﬁlocus mefhbd.
The basic -characteristic of the trdnsient_reSponse
of a closedzlbdﬁ sysiem is determingd from the closed loop
boies. Thus, iﬁ»anaiysis problems,”if is imﬁortant tb loca-~

‘:te the cioéed loop poles in the s-plane. In the design of

closed loop systems,'we want to'adjust the~0penwlob§"poles

i -
{
¥



and zeroes af desirable locations in the s-plane,

The closed loop poles are ﬁhe rbots~of the charéété-~
ristic equation. Finding them\reqﬁires factoring the charac-
teristic polynomial. That is, in general, laborious if the
degree of the characteristic polynomial is three or higher;
The classical techniques of factoring polynomials are not
convenient because as thé»gain-df the open loop transfer -
function varies, the computations must be repeéted

A simple méthodrfor finding the roots 6f the charac-
tefistic equation has been deveioped‘by W.R. Evans and used
'e;tensivelg_in coﬁtfol'engineefing. This method,.called thé_
root 1p¢us method, is one which fhe rootsvoffthe character:
isfic equation afe plotted for:all values of a system,pafa—
meﬁer; The roots corresponding to a particular value of
this parameter anntheﬁ;ye located on the resulting graﬁh{'
Note that the parameter is usually the gain.but any 6ther
variable of the ojen loop transfer function may be used.:
| Rooﬁ locus gives a lot of;informatign about the
-the time fesponse and the frequency response of the systém.
Therefore, this method is more useful than the others.’

There are many types of controllers. The most com-
monly used methods are proportional controllers, proporti-
vonal-integral éontrollers, proportional-derivative contfél-’
lers, and,proportipnal-integrql-dgrivative.cpntrollersﬂ )
The method we will use is another type of cbntroller which
is called Intgggal;Proportional (IP) controller. The diffe-
rence between the conventibnél~PI and IP controilers’is thaf_
in IP contfol.system, the proportional term is mo#ed from
forward loop to-the feedback loob. |
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The Effects of Poles and Zeros to the Transient Response

Now we will discuss a system in general. We will introduce

some poles and zeros to the systém transfer function, and

" observe the effect of them to the transient response and

also systém parameters of the System.

" In génerai, a control system transfer function in

TLaplace domain can be represented as follows:

P

“wKz(s)
¢(s)= —5r5y

*If the system is a first order system, then
- K

G(s)= ,
S+b

'there is only one pole in the s-plane. In the time domain,

the response of the system is

X K/v K/b
Y(s)= = -
"~ s(s+b) s sS+b
y(t)=. kK ___K ‘ ,exb(—bt)
L. - Ty ]

‘This outputrcan be drawn as shown in fig.1.C.l



Ee-

Fig.l.C.1 Output of the first order system.

If the absolute value of the pole is,increésed, we would
see that the step response wouid be fast but steady staté

;value would be small, therefore K must be increased.
Let's introduee another pole to the above system

transfer function, Then

L X
G(s)=

(s+a)(s+bi

The step résponse of that system is

: K , K/ab K/a(a-b) K/b(a-b)
¥(s)= —<rsvayteen) = s Y Tsra T Tsep
K K ‘ K
-Y(t)'—". + exp(-at)- ————— exp(..'b-t). R
ab a(a-b) - : b(a-b) '
If alb | |
K K . X o
-~ y(t): .- .exp(_ait)_’. —_— eXP("bt)

ab ' ala-bl » b{a—b" -



; « c g _
y(t)= - exp(-at)+
ab aX bA

where c&:la—b[ theh

K _ X
acX':> bA

the unit step response is shown in fig.1.C.2

| y(t)
K/ab l____ ___._ _ ____°

K/bX ‘.E:jZL4<;;§§%;T;;;?-bt) .
= — ——

-
-
-
4
PS

.-~ K/aX exp(-at)

Id
-

K/a ‘

.. Pig.l.¢.2 Unit stepresponse of the second o

when a<b

exp(—bt)

Now we introduce a zero to the same system

K(s+c)

G(s) % :
‘ (s+a)(s+b)

_ the step response is

. Ke K(;A;p)',
y(t) = -+ ——exp(-at) -
. ab  -a(ra+b)

®

rder system



The values of K; c, a will effect the step fesponse of
the system, Tﬁere may be some different cases like c{a<b,
e=adlb, é}a(% etc. in every case, the step response will )
be différent.,There ma& be an ovérshoot, slow response

etc. o | 7

-In the case of c=a b, there is a cancelation

| between zero and'the pole, and the step response is iike

v

in Fig.1.C.1l. - :

In Fig.i.C.B there are some step responses correspond-
ing to the different‘parameter values. From these‘figures
and mathematical equations we conclude some important
results’that will be very useful when we_examiné the practical

control system.

‘ . .2 .
0.15 T_. .- . .
0.1 [—r—=== 1
0.05 Lt 7 TTS—
0 I e, g b
/ 1s .27 3s 4s 1l:c=0.5,a=1,b=10
/T 2:c=a=1,b=10
§Ele 3:0=1.5,a=1,b=10
0.1 | In all ceses, K=1

Fig.1.C.3 Effect of the zero.

The results of this analysis is that:

(4) when the vélue df the zero decrezses, and comes to the
right of the pole whigh results in slow reSponsé;
there would be an overshoot. Also the steady-stafe
value would decréase; o

.(Bj when the value of the zero increase, the overshoot

would disappear, steady-state value would increase,



but the response would be slow.
" In fact, the z=ro closest to the imaginary axis causes the

highest overshoots.



II. THE PI CONTROL SYSTEM. AND THE IP CONTROL SYSTEN

L 4

A, The PI Control System

| The Proportional-Integral controllér is used to
eliminate the steady—state error and inérease the response
of a clesed loop System; ‘
| "In the integral céntrol.of(the plant; the contrql
signal, the outpuﬁ signal from the controller, at any instant

is the area under the actuating error signal curve upto that

‘instant. The control signal u(t) can have nonzero value when

the'actuating error signal e(t) is zero, as shown in Figufe (a)
This is’impossible.iﬁ the case 6f the proportional controller
since a nonzero control signalurequirés a nonzero actuatihg
err6f>signal. (A nonzero actuating»error~signa1Aat5stead&;nw‘w_
state,meaﬁs that there is an offsét). Figure (p) shows thé curve
e(t) versus t and the corresponaing cur?e u(t) versus t when

the controller is of the proportional type.

- 'Ae_(t)-_ o | Q ) |
T e € s o
t///”\\~,,»—-~_ . 4 v
| | (a) S =~ () =

Fig.2.A.1 (a) Plots of e(t) and u(t) curves showing
~nonzero control signal when the actuating error signal
is zero; (b) plots of e(t) and u(t) curves showing
zero control signal when the actuating error signal

is zero SRR SESEE. : : S
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— Note that integral control action, wh;lé removing
Pffset or steady-sfate error may lead to oécillatory response
of slowly.deCreasing amplitude or e§eﬁ increasing.amplitude,
vboth of which are usually undesirable. |

Let us now control a physical system which has a

“transfer function

Km
G(s)=
1+sTm 1

by applying the Proportional-plus-Integral control.
Proﬁbrtional—plus-Integral controller has a transfer funptionr
of

Ki

G..(s)= — +TK
pis)= = P

The block diagram of a PI control system is shown in Figure 2.A.2

where W:~is the load disturbance

Fig.ZiA.Z Block'diagram~of PI control system. -

r .



" Now, wé will derive the overall transfer function _ -

}ﬂn/Wr’first,.seéondly Wm/%&, and open-loop transfer function.

wm(s) = (Xi/s+Kp)Xm/(1l+sTm)

Wr(s) 1+(Xi/s+Kp)Km/(1+sTm)

(Ki/s+Kp)Km

'I+sTm+(Ki/s}Kp)Km

e
e
PSR

" KiKm+sKpKm

Pms2+ (1+KpKm) s+KiKm

“Win(s) _ Kikm(1+sKp/Ki)/Tm

N

“vwr(s) * s?+s(1+KpKm)/Tm+KiKm/Tm

The transfer function between the actuating error

signal e(t) and the input signalvw§(t) is

B(s)  wm(s)H(s) 1

wr (s)

wir(s) __1+G(S)H(s>l>

1 R

- 1+G(s) . if(Ki/s+Kp)(Km/(1+sTm)> : -
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u31ng the " flnal .value theorem

e s~ 11m e(t) = 1lim sE(s)

e 7 - teo0 S+0
- sWr(s)
- = lim — -
s+0  1+G(s)

since'wr(é) 1/s (unit step)

1

eS = 1lim
? s»0 1+(Xy /s+K )(K /(1+sT ))

e
.88

As it can be seen, the sféad&-'State‘error is zero. -
If we consider that the ihput will not change, the

-fhe effect of the load torque disturbance is observed from

Figure. 2,4.3
+ :

V. - — B W
< | o fﬁ(l+sTm) B S

. ‘Ki/s R
e
' — K

Fig.2.A.3 The transfer block dlagram between the
- output. and the load change input. -

;Km/(i+3$m)

'1+(Ki/s+Kp)Ké/(l¥sTm)~
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‘K s
- m

2 .
s Tm+s(1+gmxp)+KiKm.

SiKm/ T

M/ Vgm ) —
'S +s(1+Kme,/ Tm+KiKm/Tm

The Open-loop transfer functlon of the PI control system
can be obtalned as follows,
G(s)H(s)=G°1(s)=Km(Ki/s+Kp)/<1+sTm)
-(K K + sk K )/(s T +s)

Kpr(s+Ki/Kp)/Tm

Glol(s) é
s(s+1/Tmf-
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" B.. The,IP-Contfol System

*

The IP control system is actually based on the state-
vector feedback theory. The bloék diagram of tﬁe IP control
psystem'is‘different from the PI'contr611system,'éincevthe,
proportionél term is moved to feedbéck loop from forward
loop. The block diagram of the system controlling the samei

plant used in the PI control is shown in Figure.g;B.l:

- Fig.2.B.1. Block diagram of the IP control system

The ovefall tranéfer function can be_derived from the blok

~diagram.

T
m . :

W= —— CW.-W )K./s=-K W)

l+s7 Tt PW

K.K -
itm
o \
S(1+5Tm)_

= Wm(lfKiKm/g(1+sTm)+Kme/(1+s$m))»

'KiKm

s Tm+s(}+Kme)fKiKm
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KiKm/Tm

wm/wr=

s N |
s +s(1+Kme)/Tm+KiKm/Tm

As we can see from the block diagram(Fig.2:3:;1) the
output to load disturbance transfer function of the IP cgntrol*’

system is the'séme’as the PI control system;'That is;

SKm/Tm\

w/V. = :
m T 5 .
s,+s(1+KmKﬁ)/Tm+KiKm/Tm

The open-loop transfer function of the IP controlrl

system can be derived as follows:

K T

(Wm-wr)Ki/s

—

W . _A'Km

Ki(wr-wm)/s, 1+Kpr+sTm

Ki/s —2 'Km - — :1>,wm

l+£pr+sTm




KiKm/Tm'

ol far w
s.+s(1+Kme)/Tm+KiKm/Tm

or W

KiKm/Tm

1

= KK Y/m )
?(s+(1+Kp“m),*T,

H

KiKm/Tm

G(s)d(s) =

s€s+(l+Kpr)/Tm)

C. The Comparison of the PI and the IP Control Systems

'In Table.l , both the PI and the IP control system

transfer fuctions are shown .

TABLE. L
PI | 1P
Wp(s) KK /T (T+sK /KL ) (KK /Ty overall closed
W (s) _ loop transfer
r G, (s) G, (s) function
wo(s) — sK /T o osK /T load torque
- 1 : transfer
Ve(s) e (s) 6o(s) function
_ K K_(s+K.,/K_)/T K K /T open loop
G(s)H(s)= L2 PP m_ 17 m transfer
: ' . Y/ function
: s(s+1/Tm) | s(s+(1+KmKD)/Pm)

_ >
where G_(s)=3 +s(1+Kme)/TmeiKm/Tm
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From the above équations, it is seen thatltheré'is one
'important‘ﬂifference between the .PT and the IP control systems_
In the overall transfer function of the PI control system,
thére is a zero, e#enthougﬁ the poles of both.system are
the'same‘The effects offthis zero will bve invsstigated.

The PI and the IP control systems have the samevIOad torque.
transfefbfuntion. There-is a'Zero at the origin Qf"wm/V__Ci
resulting in Zero steady-state speed change. Using the final

value theorem, it can easily be proved as follows,

. s K /T 1
lim sW (s) = lim § —m—"—T ) .
) - . i X +K.K
s-0 §+0 - S +s(1+Kp 0 /Tm Ky m/Tm s
= 0 |

!

Let us show the IP control system in block diagram

form(Fig,2.¢,1 }. This system is of the form like in Figure.

KK /To W, R + X Eﬁ> 
s(s+(1+Kpr)/Tm) -2 s(s+a)

(a) / ‘ ()
' Fig.2.C.1 Block diagraﬁ of the IP control system

Root locus of the IP control system is shown in Figure.2.C.2
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N i ? R e . ;

S
¥ .
A

a=(1+Kme)/Tm

Fig.2.C.2 Root locus of the IP conjrol sysiem

When thé value of'Kp:increase, it is expected thét
the response of the system will increase.
| "When the gain,K, cf~the system changes, the pcles
move on the graph in the directions of the~arrows; In order
to change the gain, we must change the value of the integfél
coefficient Ki . If we decrease the proporfional coefficient
Kp’cthe boles in 'a' will shift;to the left and result in,
fast response. But in this case, the pcle must nct loose
its dominant characteristic. A
The closed-loop transfer fuﬁction of the system
shown in figure.2.c.1({Y) is |
. . W 2
. K. n
Y(s)/R(s)= =

- s“+as+K sz+2§w S+W_ 2

8 o= -a+V a —4K/2 §w Fw \/?
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a2> 4K or 32 :> 1 roots are real
. Al 4¥X or 32 = 1 roots are equal
. 2
a2<:4K or g »<: 1 riits are imeginary-

When the rooté are real, in this case,-as damping ratio
,g,'approaohes fo.l, the system responds to a unit step
rnore quickly. Therefore , we must increase the value of
the integral coefficient Ki . The larger fhe valuerf Ki;
‘the smallef the damping ratio g. -
We said that if we gave large values for Kp,,the
response would have been faster. But,. tais is not a true
approach in the case of the IP control system, because when
the value of Kp is large, then the damping ratio will away
from 1, that is, §~gets large values. The value of Kp must
be kept at a.suffioient value. .
In order to obtain a good response without overshoot,
both YK' and 'a' must be chosen large onough.
, ‘We experienced above discussion by a numerical
~example, where K = 0.94, T = 0.46, and K, = 2, KP=2; then
Ki= 10, Kp= 2; and then Ki= 30, Kp= 2. The results are drawn
in Figure 2.C.3. Notice that Kp is kept constant, and Kj
is increased. But for a good réspoﬁse (quick and without
overshoot) , we had chosen iarge>Ki and vaalues (Ki=6Q,'
Ko= 9 )and the output was drawn in Figure.2-0-4. | 7
* Conclusion is that, we can find such large K, and
KD values that the-rosponse of thé IP control system
,bocomes.fast without o%ershoot. Tﬁe large parametor values
also bring some important advantages in the case of load

disturbances, which are explained later.

The PrOportionaleIntegral control system has .a
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._._,____'., e

"Fig.2.C.3 Resulss of thé IP control- for several
parameters.

V244 v00 bl Fnantbiony

Fig.2.C.4 Step responée of the IP without overshoot
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block diagram shown in Figure Z.C.5

Kmhp(s+Ki/Kp)/Tm ; ) -

_ s(s+1/Tm)

Fig.2.C.5 PI control system

4The only difference from the IP control system is
a zero in the transfer function of the PI control system
The effect df this zero is explained.
: wheniwe give large values for K; and Kp, it is
expected that an overshoot will occur.
Wé kndw that the aim of introducing a zero to the

transfer functibn of a PI control system is to'gggﬁl'out

the pole that results in slow response and to decrease the

steady—state,error. But for large values of parameters as

in the cése of the IP control system results in an overshoot
in a PI control system, differ from the IP. As the value. of
Ké increasef the zero begins to shift to the righf and comes
to the right of the pole corresponding to slow rééponse.
"Also,‘Ki value determines the places of the poles and tﬁe
zero in the s-plane. The places of the pbles.and the zeré
raée Qery imfoftant. Lét's disbuss some diffefenf dasés: |

Kpr(s+Ki/Kp)/Tm

Gol(s)=
s(8+1/T )
T Tm
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K(s+a)

s(s+1/T)

‘where aﬁ_Ki/Kp, K=KmKP/Tm, T=T_

From this transfer function, it is possible to draw two

different root loci of the PI control system

(1) [a]|1/7]
(B) ’lal:>!1/Tlf;
Both of which are shown in FigureZ.C.G respectively,

Ajw

s-domain

-1/7

(a) : (b)

Fig.2.C.6 Root loci of the PI control system

In order to obtain the case (A), small K; and K

values must be chosen for practical purposes. In this case
there would be no overshoot, but the respdnse would be siow
| In the second case, when the gain is increased,
Vthérpéleé will fake compléx vaiues,vand the dscillafiohs
will be observed. It is possible to stop the oscillatidns‘
.by means of Qery large gain, but then the pdles'will shift
to_fhe léft of the zero, ahd an overshoot will>always be

observed. Alsb, for a very large_gain, it is necessary to
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chpose the values of Ki and KD very large. This is-not &
'practicai solution. Three different situations; the zero

is between the poles, the polés are complex, and the zéro
is at the right of\the poles were examined and the results
are shown in Figure.2.0.7a For each case, the places of

the poles and the zero are shown in Fig.2.C.7b respectively.

1.1
1
- t
jw
SR oy T >
(1)
, | jw
| oo TJ
Ot . - e P>
-5 =3 J -
(i1)
t
~19.4 - -3 l g

_(iii)

Fig.2.C.7 Step responses of the PI control system
: (i) the zero is between the poles;(ii) poles are
* complex;(iii) the zero is at the right of both pole.




D. Load Torque Disturbance

As we can see from table.l, hoth the PI and the IP
control systems have the same load-to-~ouatput transfer function.

Let's show this block diagram once more again in Figure.2.D.1

W

Fig.2.D, 1 Load-to- speed block diagram of both PI and
IP control systems.

The transfer function is

S Km/Tm

Wm/ V—C= )
S +s(1+KpK /T K Km/Tm

As we mentioned earlier, large'parameter values
give rise to an overshoot. Larger overshoot is fhe penalty
for the snorter rise-time . The overshoot in the PI control
system is undesirable since it requires a higher capacity
of power converter. If we design a PI control system. having
large parameters in order to obtain fast response to a cnange
of 1oad,ﬂwe\can’succeed it in & quickest manner,:but in this
case because of the onershoot we mnst use a high capacity 
‘power converter. It is pcssible to design the PI control
system with no overshsoct. However, in this case, the motor
speed recovering time from therload disturbance is very

K

ey yiTUPHARDY
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long. We can éxplain this effect as:follows, As we have
Feen, until some values of Ki and Kp’ the zero and.fhé
pole representing the slow response of the PI control system
~are cancelled out each other., But this improves only the
response tb the reference speed:but does not effect the
response fo'a lozd disturbance.

This very serious problem, especially in the cése
. where fast,response is a main subject of the design, can
be solved by>another control algoritm, which is called IP.
control algoritm. Since the IP control system can take larger
parameter valﬁes without-overshoot, and these parameters

are also necessary for load change response, it has better

dynamic performance than that of the PI control system.
From Figure;%-D~2, we can see the responses to o ‘
change of load. As seen, for large values, speed recovering

time is smaller.. .

(8
8 (1)
0.5 | A (11)
~. > o
- . 7
~.. /7 .
/ l—\\.“‘—”«”"“—"'“‘a’
f - 1s 2s  3s ds t
b
%
-0.5 )

’Fig.Q.D.Z “Change of the 1ogd.
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'III. DISCRETE IP CONTROL SYSTEM DESIGN

Af Inzroduction | S \

,kSince the outputs of digital control systems are
‘usually fﬁnctions of the continuous variable f,.it is
necessary to evaluate the performance of the system in the
" time domain., However, when the z-transform or the discrete
time'state>equation is used, the outputs of the system are
measured only ét fhe sampling instants. Depending on the
:sampling-period and its felation to the time constants of
the system, the discrete—tihe representation may or may not
be accurate;»In'other words, there méy be a large disérepehcy‘v-
between the output c(t) and the sampled signzl g(t),~so
that theiiatter is‘not é valid fepres?n%ation of the éyétem
behaviour;:‘ 2

As in the studies of continuous-daté control systemé,
. the time respopse_ofua-d;gitalncontrol system may_be‘
characteriied by such termé as the overshoot,‘rise.time,
dela& time, settling tirke, damping ratio, damping factor,
natural undamped frequercy etc.

The performance of a digital contfol éystem‘in the
fime domain is often mezsured by applying'a test sighal
such as a;unit—step function to the sysfem input.’For a
" linear system the unit-step input can provide valuable}
information on the.tranéient and steady-state-behaviour
of the system._In fact, ocvershoot, rise time, delay time
and settling time are all defined with'respect to a unit-

step input.



- Whenbthe z-{ransfqrm or the discrete-time state
equatibn*is used for the apalysis of digital -control systéms
the system responses afe represented only at the sampliné
instants, Care must_be tzken in jﬁdging.on the accuracy and
validity of these discrete—time data, as théy may not be an
accurate repfesenfation of the true reéﬁénses of thé digital
.system. ’ |

.If‘the'sampling period is suffidiently small, then
the sampled responée gives an adequate representation of the
true response. However,‘in general, if the sampling‘period
~is too lérge, the sampled-data'representatién may be entirely'
: erroneoﬁs. It should be pointed out that the selection of‘r
the saﬁﬁlingvperiod of a digital system is,usgally not based
on just the accuracf of representation of thé syétém'respdnses
at the sampling instants, but more importantly on the overall
system‘éerformance, stability, énd hardware'considerationé.

The étability of linear feedback control systems
deﬁéndé pféddmihénflycdn fﬁé'géiﬁ'éf'fﬁé ébntioi 100p,“on'aV—lv
the poles and zeros of the coﬁtrolled system, bn the
magnitude of transportation lags, énd perhaps on severzal
other less importent physical characteristics. A criterian
for the sfébility of continuous time systems consists of
~testing whether the eigenvalues of the system matrix or
the ciosed-loop poles a1l have negative real parts. In the
analysis of discrete-time systems one bfher important
design paramétéf enters into the consideration of stability;
this‘is,‘as we mentioned, the sempling period T.

Actually, a linezsr time-invariant discrete‘system

is stable iff
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ii) If"l?\zl =1 then %\, is a root of multiplicity
| one in fhe'minimal polynomial.‘ - )
’In»realify, the systeﬁ that we control is a micros
computer controlled dc motor control system. Since the micro-
.processor ‘manages coded I/0 data at a sampllng 1nstant and
executes the control program durlng a sampllng period, the
motor control system‘operates actually as a sampled data
'systeﬁ. |
| First of all, we will design the speed control system
using IntegraléProportional"(IP) controller, The roots of
the characteristic equatlon represent the natural modes of
the closed-loop.system, however, the tran31ent behav1our and
the frequency response are strongly influenced by the locatlon
of the zeros.ﬁ
Forlthese reasons, first work that we w111 do is to
apply root 1ocus technlque to a prellmlnary de31gn i.e to.
—stablllze the syster and fo relocate the domlnant poles at.
a desired position. Improvement of the closed-loop performance
-to achieve desired specifications is obtained using a digital
simplation. | |
In the digital simulation of the dyhamic_system the
programming of the solution of differential and/or.difference
equations is required, The digital maohine.performs its
basic- operations involving arithmetic, memory, and logic
operations, in terms of variables which are always represented
in discrete form. We must convert all continuous mathematical-

operations into.a corresponding discrete form before they

can be processed by tne microcomputer. .

-
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Before the S§imulation, ﬁe can determiné the controlief
péraméters whiéh are necessary for the desifed responsé,by
uéing the ?OOtv10cus.tech;iQue. Then using'the discreteﬁétate
equations of the system and the controller, we can simulate'
thé system in the digifai machine. Recursive equation of the

controller is then programmed in the microcomputer in machine

language and the actual system can be operated.

B. Comparison of Time Responses of Continuous-Data and
Digital Control Systems

We will discﬁss~the”responses of continuous;data
-motOr speed COntrdl system and the corresponﬁing digital
confrp;‘System{ “

Tﬁe block diagrém_of the motor speed,contrél systém

is shown in Fig.B.B.i

..  Ki I IR ~£3""',"‘C< >¥.
¥ s _QP N 1+s5Tm | o

Fig.3.B.1 Continuous-data motor control system.

Closed-loop transfer functioﬁ of the system can be

written as

c(s) _ KK /T_

. 2 : |
. R(s) s +s(1+Kme)/Tm+KiKm/Tm

where

Ki=Integral coefficient=120

K,:PrOportiohal coefficient=9
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K _=Motor gain=0.94
: Tm=Motor time constant=0.46

Substituting the system parameters, we have

o(s) 245
R(s) sz+20f5$+245

The characteristic equation of the system is obtained by
Setting'the denominator of the closed-<aop transfer function

to zero, we get

s2420.55+245=0

2 2

s +2§wns+wnA=0

we have
,? =0,66 (damping ratio)

w, =15 (natural undamped frequency)

{ 2
we=w\1-2° =11.1

'tb;TT/wd=O:23‘(peak~time)~~
Mp='0.5 (maximum overshoot)

; The unit-step response of the system is shown in Fig.3.B.2

Qés

Fig.B,B.Z Unit-step response of the continuous-

data motor -control system.



32 -

b
\

Bince thekéystem'is of the.second order, the
quadratic equation will always have roots in the left-
half of the s-plane so long as all tﬁe parameters of the -
.system are positive. Thus, the continuoﬁs—data system will

valways be asymptotically stable for all positive values of

and K .

KoK,

Ndw let us consider that the control system is
subject to digita1~control. This is the practical case of
our system. ’

The block diagram of the system is shown in Fig.3.B.3 -

r | | | Km c
—» | 2N Z0H > 22
CLontroller ' ‘

RS

.Fig.3.B.3- Block diagram bf’the digital control. ..
syétem

For the purpose of comparison we assume that the
system parameters Ki,Kp are the same as those of the continuous

data system. The pulse transfer function of the metor is written

directiy from Fig.3.3.3

. . K /T
GM( Z):(l-z—?")z \__m._m__
| s(s+1/T )
‘m
oy el

Z-exp(—T/Tm)  z-A



Integral operation Xi/s can be approximated as

KiT(Zfl)

ep(z)= - » , |
2(2-1) 7 ' -

Therefore, complete block diagram is drawn as in Fig.3.Bl4

K70z |+ ~u[ B
2(2-7) ..; 2-A

c

r +

Fig.3.R.4 Digital IP control system,

~ The closed-loop transfer functionAof the system éan‘

be obtained as folidws:

olz) _ éiTB(z+1)/2

. -R(z) - --22+(7A+KﬁB-1+KiTB/2)z+A-KpE+KiTB/2.

Substituting the system parameters into the last eguation,

we have

c(z) O§403T(z+l)

R(z)  224(-1.93236140.4037)2+0.9523614+0.403T

Thé characteristic equation'is obtained by eguating
the denominator of C(z)/R(z) to zero

z2+(;1.932361+o.403T)z+0.932361%0.403T=o_‘

‘Sinde now there is an additional system pzrameter in
the sampling pefioi~T; the performance of the overall digital

T andT.

control system will depend on the values of‘Ki,—P,Kﬁy—m
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 Since the rbots of the characteristic equatfbﬁ of
the digitalﬂc&ntrbl syétem must stay inside the unit ciréle
 .z =1 in thé_z-plane for the overall syétem to be asymptotically
stable, we sée that the second-order digital control sysfem
can be unstable for 1arée values of T. Applying Jury's
'stability'testtto the characteristic equation: |
o )

z‘, Z z .

0.932361+0.403T ~1.932361+0.,403T 1
For stability
v lao"<:aQ
then . ‘
01 0.16635 sec. .

y
Therefére, for a stable Operétion, sampiing period T must
stay in‘thié region. | '

Since the ihyristqr bridge must be controlled every
_3.§ms}pwe‘must;£ake»the samplinguper;pd.T.as'3.3ms, and ..
this is inside the stable region of T znd sufficiently small.

Por K;=120, K =9, X =0.94, 7,=0.46 and 7=0.0033sec,

the closed-loop transfer function is

©(z) _  1.33x1077(z+1)

R(z)  2°-1.932+0.93418

The poles of the system are

12y =0.965 + j0.05436

Lbsolute value of the pole is

|py| = 0.9665298 ,
298 .
g. = tan"}(0.0543599/0.965)=3.224°=0.056272 rad. -
1 ) N ‘ } ° .



By using the following equation we can find the damping-

-ratloy

[py| =exp(- ﬁ;sal/\[ %)

therefore

% =0.5176

The pole zero configuration of C(z)/R(z) is shown

in Fig.3.B. 5, from which we get
o(-—34 53°
The meximum overshoot can be determined

M_=1
I 4%

The peak time can be.computed directly from the following

eaatlon E ‘
. max__@_ (tan JW;O( +-ﬂ_>

) 239 ¢ tap~l _=0.5176

\[1—(0.5176)2

/ 65 -

Xd\ff'b"l' ‘ \

.- zé,/.—- -;‘}_‘_‘—-’_:\—_ o \.!
) 7\‘/ : ’ ¢ } . l‘]

z\\ : %:758 g='3_224? /

\ =002765~d /
\\_/’
“J

Fig.3.B.5 Pole zero configuration of the clo

transfer function, T=0.0033sec.

+ 34.53%+180)

sed-loop




36

Step response of _the digital system for T=3.3msec

can be seen from Fig.3.B.6

. >
O0.188 sec t

Fig.3%.B.6 /Step‘reSponse of the digital system for

T=3.3mséc.

Since the sampling period is sufficiently smail,‘the ,v
response of the digital system is épproximately same as the
- continuous data system. |  ’ |
For T=lsec, it is expected_that the digifal system
is unstable.
e  For the same paraheters.except tﬁe sampling ﬁeriod,
Ki=120, Kp=9, K =0.94, T _=0.46, and T=;$ec, the chargCteristic
equation is - . - | |
22456.32442.6
and | .o — : : .
'zl=55.6
z2,=1.53 °
Since all the poles are outside the unit circle, the-éyétem
is unstable. |
| Root locus diagram gives indication on the absclute
and relative stability of a control system with respeet to‘
the variationiof one sys%em parameter K.
Since the charactgristic equation ofla.linear tiﬁe-
invariant digital control system is a rational pblynomial
in z, the same set of rules devised for the construction

of root loci in the é—plane»can pe applied to the z-plane.
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—~ The open-loop transfer function of our systémvis

: K.TB(z+1)
Goy(2)= ——
. 2(z-l)(z—A+KPB)

where A=exp(-T/Tm) and B=Km(1—A)
If we take K =9, K =0.94, T =0.46, T=0.0033, and K be the
variable parameter, then the open-loop transfer function

. becomes

K;2.2179%x107°(z+1)

Gop(2)=
s 2(z-1)(2-0.93)

'~ and the characteristic equation of the closed-loop svstem is
- 2%4(-1.93285+K ,0.00001108 ) z+0. 99285+K 0.00001108 = O

The root locus plot 6f the system when Ki vafies between

0 and is constructed based on the pole zero configuration
.- as shown in”Fig.B.E.f.‘from'theiroofliocﬁé_We find that when
the root locus crbss the unit circle in the z-plane, the
value of K; is 11818.18, Thus, tﬁejpritical value of K; for
stability ié 11818.18. .

Stéady-state error of the system 1is zéro(since we
introduced an integrator into thevfdrwafd ioop. It is easily
éeen that the steady-state.error‘of the Integrél—Proportionalk
control system to a step input is zero, beczuse the Open—loop
transfer function has a pole at z=1.

Byychoosing Ki=120 and/Kp=9, we can qbtain the
desiréd response to a step input. But, we have made»some

simplifications while deriving the eguations of the practical
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system. The terms that we have neglected can cause some
problems. Therefore we must make a simulation and after
some modifications on the values of parameters we can obtein

the desired performance of the'practicélgsystem.

4JIm

N | 090+/0.43

\\/ K =118718.78
A N

desired place o N
the ,oa/e /
. Ktl =720

-
Le

Fig.3.B.7 Root loci of the digital system.

For the simulation of the system, we will use the
discrete state equations of the system. The continuous systen,

that is the motor that we control can be discretized as

x(k+1)=Ax (k)+3u(k)

y(k)=x(k)=w(k)
where |

,A=exp(-T/Tm)

B:Km(l—A)

Also, we must obtain the discrete equation .of the
édntroller. Controller output u(kT) which corresponds to the

armature voltage of the separately excited dc métbr will be
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calcﬁlated from this eguation for every sampling peried.
| Now, we can derive the necessary eQuations for the
1P controller to obtain the desired control input to the.
dc motor. As you know, the purpose of the dc motor speed
control system is .to drive the loed~speed w(t) to follow the
constant command speed Wae The error between the command
speed end the load speed is
-e(t):wd-w(t) |
Thus, the input to the microprocessor is the digitized output
speed signal w(kT), k=0,1,2,... . In the experimental set up
the output speed is obtained from the 10-bit A/D converter.
The set speed wd is saved in a memory 100at10n,band we let
the output of - the mlcroprocessor be u(kT).
The,mlcroprocessor-ls to perform the digital compﬁta-
tion to implement'IP controller so the.continuous data form
u(t):K./ﬂe(tjdt-K w(t)
The 1ntegra1 1n the last equatlon is written as
x(t)= /(w —w(©))aT (1) |
where t is the initial time, and x(t ) is the initial value
of x(t). To approximate the integral by a digital model
several schemes may be used. We use the trazpezoidal integra-
tion rule. ' 7 | _
Let t=kT, t_=(k-1)T, then the definite.integral can
be written as
x (t)- /(wd-w(t))dt+X((k 1)1)
Thé area between (k 1)T and kT is cppr0y1mated by a.trapezoid
Area=e(k-1)T+(e(k)-e(k-1))T/2 |

then

x(kT):Te((k-l)T)+T(e(kT)-e((k-l)T))/2+x((k-1)T)
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However, in reality it takes the microprocessor a finite
amount of time to compute the integfal in this equation,b

so that given the_in?ut data w((k-1)T) and w(kT), the result
of the integral computation is»hot.available—at’t=kTQ In
.generai, we havg to add up all the time'interVals,required

te executeitheWOP-CODES of the integration subroutine on the
microprocesser to find out what this time delay is. For :
convenience, we do all the computations in one sampling
period T. This means that the right-hand side of the 1eet
egquation gives the eomputational-result of the integral at

t=(k+1)T. Thus taking into account this time delay, integra-

tion result can be written as: o B

x((k+1)T)-Te((k 1)7)+T (e (kT)- e((k 1)T))/2+x(kT)

'Notlce that we are using x(XT) rather than x( (k- l)T) as the

/1n1t1a1 state of x(t). Substituting x((k+1)T) into the control

equatioh,‘the discretlzled ver51on of the control word u(t)
can be wrltten as ) - |
h u((k+1)T) X, x((k+1)T) K w(kT)
This control word is applied to.the dc motor at t=(k+1)T
K=0,1,2, .00 | ’
This control input is updated every T second, and is
he]d constant between the sampling 1nstants.
Nou, we are ready to simulate the system in a d1g1te1
conputer. The equatlons that we must use are
w(k+1)=exp(—T/T ) w(k)+Km(1-exp(-T/Tm)?u(k)

u(k+1)=X. x(k+1)—fpw(k)

In the simulation of the systez, we took K ~and Kp
as variable values because of the fact that we can,eaSily

change these values according to the recuirements that we
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have chosen.ysampling perida’f is dependent on the\cdntrol
of the thyristor bridge. Since the bridge mﬁs% be controlled
every 1/6th interval of one period of the mains supfly, it
is constant and equal to 3.3msec. This Sampling period is
shortvenough for our system. It cen cause nc problem for
the stabiiity of the s&stem. |

| 'The~convefsion of the output ‘speed ihto akdigital\
value by ﬁeans qf the A/D converter results in another
block in the feedback. This should be taken into account.
Since 1250fpm or 1250.2 /60 rad corresponds to 1024 bit,
the gain of the A/D cOnveftér ié 7.8bit/rad.

Simulatidn program aﬂd_fhe results are éhown at the

appendii. . |

As seen, it is necessary to make a modification in -

the Value of Kp'in‘order to obtain the desired performance.

A good response can be obtzined for K,=3.

C. Conclu8ion

"As we havé seen a digitél svstem is an approximgtion
of‘a continuous—déta system, Besides the some parameters,
sampling period is also an important factor that influences
therrespense of the overall digital.system.

>.Byvchoosing appropriate sampling period and placing-
the poles and éeros into the appropriate positions, we can
:ébtain g good performance from the systém. It is seen that
for large parameters, we can obtain.a fast response without

~overshoot(or very small overshoot) by means of the IFP

controller. As we have mentionei, the IP(Integral-Proportional)



42

=control system is different from the conventional PI control .

system.
We can make a comparison between the IP and the PI

~control systems. The pulse trahsfer function of the PI

control system is as follows:

Kz —+ K'(z-1)
Gé(z) Gb(z)

Gprlz)=

where

Go(z)=z2+(-A+zpB;1+KiTB/2)z+A-KpB+KiTB/2 |
By taking the same pargmeters'for K; and K| chosen in the IP
control, we simulate the”PI control system. The'output of
this system is also skown in the éppendix.w

We can observe ‘from these reéponses that.thg PI
control syétem has 1érger.overshoot'than the IP cohtfol syéfem;
AThis‘overshoot is undesirable since it requires higher
capacity éf.power convertef. The reason of this overshoot
S -is the'extfa-tgrm in'%he-puléé’fransfér‘function'of the PI
contro} system, This tesrm is eliminated in tﬁe IP:control
'syStem, and response becomes’faét and without overshoot.
This term actually éorresponds to thefzero in the analog
case. Therefore; we cen say that the IP control system has
better dynamic response than the PI control syStem;

Dﬁring the operz=tion of the system, motor may Be
effected by some disturbances like loading etc. In this case
‘the system must recover the stéaay state value in a quickest
manner. Therefore sécond point that we have to observé is
the effect of loading. If we examine the block dizgrams of

both IP and PI control systems, the load-to-épeed t:énsfér
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functions of both s¥stem are the same. This transfer function

is derived by assuming that the reference speed change is

Z2ero.
Wm _ B(z-lj -

1f the values of K; =nd Kp are chosen large enough, -the
speed recovering tize from a load change will be faster.

e can

*

For the chosen values of the parameters,
observe the éhange cf speed.from a load disturbarce by means
of the simulation.

From the sizuletion results, weéohqlude tazt using
the IP controi«Systes we can obtain a fast iesponse without
overéhoot, and 2lso we can reduce the effects of the load
disfﬁrbances. Thése{cen‘be achieved by chooéing largef para-
meter ialues.for Ki 2nd Kp. : |

- After obtaining the simuiation résults we can apply
-'thg‘dqsigpéd panqmetersAtprthe_practical.motor.s;eeiV&ontrol-

system,




Fié.3.0.3; Load~to-speed block diagram of both PI‘and

IB control systems;
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TABLE 3.C.1 COMPARISON TABLE

IP.

PI
W K(z+1) K'z K"(z-1) - | OVERALL
— - — 4+ TRANSFER
R G,(z) Go(z) G, (2) FUNCTION-
W] ®B(z-1) B(z-1) LOAD-TO-SPEED
—_— — —_— TRANSFER
i J
- G,(z) Go(z) FUNCTIOR
Where

Go(z)=z +(-A+KPB-1+Ki¢B/2)z+A-KpB+KiT3/2




IV. PRACTICAL SET JP

A. Introduction

"In this chanter the design of a microprocessor based
'speed control of a dc motor fed by a three phase full- -converter
is descrlbed, The system 1is centered around a Z-80 based_
microconputer with an external six bit counter, a PLL'eircuit,
the synchrbnisation circuit, an ADC and the pulse amplifier.
The firing angles are calcnlated by eoftware, and IP‘control

~algorithm is introduced as controller.

B. Outline of the Practical System

A seperately excited dc motor with the ratings of
314 HP, 125V, 6A, and 1450rpn is being controlled by means of
a three-phase full-COnverter; the output of which is directly
contfolled by a mibrocompnter.

In order to minimize:the hardware, besides the control
algorithm, the firing angles:are also calculated by means of
avmicrocomputer. The microcoﬁputer,used consists of Z-80uP
which has a 2.5MHz clock,and‘ene input/output card. The system
employs two eight-bit input ports and two eight-bit output ports

The 1nterface between the mlcrocomnuter (or digital
informatlon) ‘and the three- phase full- converter is performed»
by an external six bit counter which contains the required
delay angle loaded from the ontput port (¢¢),'a phase-locked-
loop circuit wnich synchroniaes the operation of the counter
with the supply frequency, a;current limitingacirenit, and a

t

¢
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C. Three Phase Full-Converter

The output of the thyristor nridge (three phase
full—cohverter)'can be found as follows:

The supply volteges are-
v,=\/ 2 vV sin wt

VB‘=' 2 ¥ Sin(wt-2T1/3)

V= \/_2-‘ Vv Sin(wt+2TV/3)

The output of the full-converter is

| T/6++ T1/3
V@)= [ (- atut)
‘ - T/6+ .

therefore

- 3\e
v ()= —%f:- v CosO(

To0=1.35 v Cosdh  (4.6.1)

where VLL is the.rms value of the line to line voltage..
The thyristor convértef characteristic is shown in Figureejwd,i
This is a cosine curve, and fhe gain of the thyristor amﬁlifier
changes considerably with fhé firing angle.

. The gain of ‘the thyristor amplifier is given by

dVo/dq , and

AV, /axX =-1.35 Vi q, sin X -.('fJf.C..t'z) I



. O 1.0 [ |
r ; N
o] -
1 ‘\\ o —p %
0.16 0.5\ 1.0 ‘
-1.15
Ffig.4.C.1 Thyristor bridge characteriétid .

" The relation between the éontroliword,u, and the
firing angle, , is also nonlineaf. In order td obtéin.a
good rosponse,Aaﬁlinear relation between the chtrol'wordJ
u, and the bfidge output,Vc, must be obtained. This ~

linearization operation can be done as follows:

oL = Cos ™ (ku)
and

VO=1.35 YL Cos A

L
substituting <l into VO;’we obtain

v:=1.35 V__ Cos(Cos™ (Ku))

LL

v :V. A K
Vo 135 [LL 4

= K u o | . (4.C.3)

In the software, the pozitive values of u are limited to
1

-y

i
1
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+96de§Q For célculated.values of the control word, cbr ondin
firing angles are calculated by tane Eq.(4.C.4) ~, and
these values are multipliel by 64/60’for the inverse of.

the counter resolution.

c*deg ; Cos_ll ul /96 ' | (4

S
*

]
L]
4
|

According to these vaiues, an inverse cosine look uv table
is constructed, and the reguired delay angles which are
loaded into the éxternal counter gt the'instants when &
Zero cfossing intérruﬁt ocqurs are stored, into the memory
at the beginning of the program executioh. Hexaiecimai
values of the firing angles are listed in the FIRING ANGLE
LOOK UP. TABLE.

The gain of the conve?ter can now be easilyrobtained

by the following equation,

| o |
Vv =1.35 Cos(Cos ™ |ul/96) Vi,

=1.35 '}‘92 uli
96 ‘
VO= KC]u]

Thérefofe, the gain of the'bridge,"

K=V /| u] = 1,4 - (4.c.5)

Figure.4?0.2m - ‘shows the bridge output voltage as a




function of the control word. Because ‘of the experimental
difficulties, the whole range of the regeneration mode could

not be tested. The dotted lines show the theoretically -

expected values,

) Bridge
125 ‘fl_ output('\’o)
100 | N - ’ff"
/
75 L
50 | :

25 | 3
~100 -80 -60 -40 -20 "

20 40 60 80 100 Control
[-25 word

75
o7 [-100

L

Fig.4.C.2 Bridge input/butput characteristiés.

"It is seen from Figufe.A.C.z that the control
is smooth and linear except for the values of the control

word corresponding to the fifing angles around 60°and 120?7
This is because of the limitations over the count values. .

~

These limitations will be discussed later' - in the software.
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V. THE SOFTWARE | - i

A, Firing Angle Control

As mentioned earlier, the firing angles corresponding

\
|
the calcuiated control words are obtained by a software A
method. In chapter IV the practical(system was briefly described
Here we wiil look the system more detailed since some terms
like range, three phase information etc., will then become -
more clear,

Firing signale are sent to a chosen pair of SCR gates
at the same time for both continuous and discontinuous current
modes as shown in Fig.5:A.1,0nce each firing gate pulse is'
generated, it is held active for‘6OO, and in order'to fire

the SCRs reliably, these pulses are ANDED with a frequency:
of 19.2kHz obtained from the PLL. The advantage of this method

\
\
|
1
is that it gives us more time to calculate the control algorithm
,81nce generation of the short firing pulse train durincr that
1nterval will take a lot of time when we attempt it to generate
. by software method i
The firing angle command corresponding to the controi
word is stored in a look-up table. This contalns 8-bit awsolute
data, D7-DO. D7 and D6 indicate one of the renges of 0-59,
602119°, 1202179°. D5-DO represent the angle from 0%to 59°. 1
During the one-sixth period of ac source, there are three ‘
eources to be controlled. For:example, if the digitized power
siénals are SA=i, SB;Q, and SC=@, the wave forms of the power

sources are shown in Fig}ggkw2y1n this case, the power sources

i
i
1

|
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Vab, Vcb and Veca, are used to control the positive current..
Vab will be choéen as the power source in case the firing -
angle is in the range of 09590, and Vcb will be chosen if
the range is'609119°, and Vceca will‘be»chosen if the range

is 120%179°. By this algorithm, the full range of 02179°

can be controlled within one-sixth period of ac source,

Thus the designlof overall system compensation ié simplified

‘and the overall response is increased.

SCR1 T -
SCR2 T v
R >
SCRB'T
o >
SCR4’f
SCR5 %
?
SCR6 ? i |
' 5

Figu5;A;i’SCR gate signals. .
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Source’ 8 ab

voltage

Figure 5,A2 Power source voltage signals.

The firing'range selection is implemented by table
look-up algorithm as shown in Table5.i.1.The software program

for the firing control is described in the next section.

!
TABL® 5.A.1 Truth table for firing control

INPUT OUTPUT

D7 D6 SASB SC 1 2 3 4 5 6 SOURCE ANGLE
00 1 01 00 0 O 1 1 Veb

00 1 00 0 0 0 O 0 1 Vab o o

0 0 1 1 0 .1 1 0 0 0 0 vac 0°60

O 0 01 0 0 1 1 0 0 O Vbe '

0O0 01 1 00 1 1 0 O Vba

O 0 001 0 0 0 1 1 0 Vea

01 1 01 00 0 1 1 0 Vea

01 100 00 0 O 1 1 Veb o

01 1 1 0 1 0 0 0 O 1 Vab 60%120°
01 01 0 1 1 0 0 0 0 Vac

o1 011 01 1 0 0 0 Vbe

01 0 01 0 0 1 1 0 0 Vba

2 0 1 0 1 0 0 1 1 0 0O Vba °

1 0 1 0 O O 0 0O 1 1 0O - Vea .

i 0 1 10 000 01 1 Veb. ~..0 o
1 0 010 1000 O 1 Vap Lte0-180"°
1 0 01 1 1 1 0 0 0 0 Vac

i1 0 001 01 1 0 O O Vbe.
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B. Software Algorithm of IP Controller .

In the development of the software the following

points are taken into consideration.

(4)

(B)

(c)

(D)

The software program must be written such thst it
will be applicable to the closed-loop systems, in
other words, both firing élgorithm and the program
that calculates the control word mast be written in
one‘sampying,periOd. ThisAsays thet the control wbrd
calculated in this sampling period is used for

'contrblling the bridge, in the next period. Since the.

_sampling period is 3.3ms, therefore, & control delay

of one period is unavoidable.

.Erecaution is taken fo ensure that all the‘interrupts
receive servicing prOperly.

The relation bétwéen;the output voltage of the
three-phase six-pulsé bridge and the’firing angle is
a ‘cosine curve. In 6?der to obtain a linear rélation
for the control word; u-; and bridge output an inVersé
cosine look up tableishould be stored in the memory.
It must be possible to change the integral and
prdportional parameters, and increase or decrease the
motor speed.

Z-80 microprocesSor can operate in three different

interrupt_modes. In thisrcaée,,the most suitable‘one is the fir

mode, In this mode, there is no need for an external hardware

to load the counter with an interrupt vecter, and an interrupt

signal cause the program to return to $P38H address.



_ ; . |
Zeneral flow chart of the program is shown in Figure

>

When an interrupt is sensed, the instruction in @@38H which

determines the stérting place of the program is loaded into the

program counter. There are two interrupt sources, one is the

zero crossing pulse, the other is the count zero pulse which

is produced when the external six bit programmable counter

counts down to zero. First interrupt'pulse goes to the

card, latter goes from the 2nd SB of the input port @I.

These two pulses are negativeVORED in,the external interface

circuit‘and.output,of'ﬁhich’is applied to the interrupt pin

|
|
\
|
|
|
i
microcomputer from the LSB of the ihput port #1 of the I/0
|
|

of the Z-80 microprocessor. Since these are two interrupt

sources, - first work to be done is to examine which source

. caused the interrupt. If thi@ is due 'to the zero crossing pulse,
the count valve calculated in* the previous peribd is loaded

into the ekternal counter, coynter is enabled and the triggering

pulses applied in the last period are cleared. Interrupt is -

enabled (EI)
includes the
control word
Six LSBs are

angle at the

|
|
and the main program is entered. Main program i
necessary controi'algorithm. In this progfam; J
is caiculated, ab inverse cosine table is consulted
ﬁsedias cdunt vaive corresponding to the delay

next cycle. The two MSBs are stored in order to

i.e between 09600, or»6091209, or 12091500. The microcomputer

then goes to

When

the HALT state.

the counter which is loaded with the previous

count value counts down to zero, the count zero interrupt

pulse is produced and this interrupt causes the program to

be used in the determination of the range of the delay angle, ‘
‘ |

|

|

|

|

|

\

|

|

branch into the firing routine. Upon entering the firing



roﬁtine, the fegisters are saved because the count zero
intérrupf signaiAmay come in any point of the branch of the
program and fegistérs, thefefore, must be saved to be ﬁséd“
afterwafds.

Then, by checking the statusAof the armature current
(6th3B of the input port #1), it is tested whether the load‘-
current is above or below the meximum value of fhe current. |
It is normally high, but goes to the low Whenever an overcurrent
occurs. In the'case of oﬁercurrent,‘ho SCRs are fired and
-réturned to the main program.
~-If the current héé not reached‘to the maximum value,
a new phase information, i.e. SA,SB and SC are taken. The two
jbit (D7_and.D6) range informstion, stored in the previous cycle
and SA, SB, and SC together determine the SCR which must be -
triggered.‘Thé look-up'table ﬁsed for_this purpose is shown
in the Table - , i

‘During the firing rouﬁihe, the microprocessor is
disabled againét to the inter?upts, therefore, execution time
" must be as short as poésible.fIf-a software apprbéCh‘is used
to produce the firing pulses, pulse duration which should be
at least lOO-lSOps increases the execution.time. One way to
overcome this problem is to ailow the pulses to be held at the
gates until the next period. As the I/O card used has latch‘
"~ _circuit, the use of this_methbd”has become possible.
~After reloéding‘the registers:with their previous vélues,
4the interrupt flip-flop ié’enébled.'A retuth from interrﬁpt
instruction causes fhe prograh to go.back either to the main

program or HALT state.
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The flow chcrt of the mzin pro?r :m 1s shown in Figuref.:.:
Although Only the abeolute numoers are used it is poss1ole
to apply,the sign b1t arlthmetlc. e applled both'arithmetio
aﬁd‘saw that the execution times of botan methoa are approxlﬁately
the same,but'writiog'the assembly languaze (at the point of
view'of ease) of the»progrem using sign bit arlthmetic is
shorter thin the other.

Since the error is oalculeted at the beginning of the
main program; a reference speed is storad ih a'memory location.
Actual motor sbeed is sensed with a tachogenerator, output
of which (dividing to a suitable level) goes to the ADC which
is a DATEL ADC-856 ten bit converter. 8 most significant bits
- of the A/D eonverter gotto the ihput port g¢9, but the
“two least significant bits go_to the most significant bits
of the the input port  @l. That is, we obtain an output
_ speed which consists of ten bits. This bimary value is stored
as INSPD in the memory, since it is also used later in the
program. After the error is found, it is added to the prev1ous
value of the error. Th1s sum is called BiTA, that is, =
~ B= e(k)+e(k-l). Then BETA is added to the old integral value, .
and as a result the integrator output is obtained, ie, x(k).
Note that, we assumed that the coefficient, K;T/2 of the
1ntegrdtor is equal to 1, therefore K;=66. In order to simplify“
the program further, we assumed l6K T/2 is equal to one. From
here Ki is equal to 37.8 or approx1mate1y equal to_40.

In the same way, we assumed that motor speed coming -
into the proportional controller is equal to 16 times the
speed i.e 16w(k). After multiplying by Kp , and substractiﬁg
‘from 16K; T/2 X(k) we obtaln the follow1ng control word:



L - 16X.T e '
o160 (%+l) m——te x (k) - L6pr(k)
, B ‘ 7

xNéxt‘stéﬁ is to divide 16 1(k+1) by 16.to’6btaih the acﬁual
control'wordf‘Then‘correéppnding counf value (aeiay angle)
is éxtraéted from‘the lobk—up table. | o
| Here a remark ﬁust'be hade. When the'qdﬁtiol‘WOrds
take hegative'?alues,-we don't consult to the 1ook;up table.
~In this case, we follow anotheffapproach,which_is based én.
mathematical calculations: | |

\ The charadteristics‘of the bridge is approfimately

as follows (Figure 5;B,.3)

4%

 (96),

. -

64 - 94 Control
-word

Fig.5.B.3 cheracteristics of the
bridge

As if is seen that maximum negative control word, U,, is equal
to 64'§o>that.0(<(160h>‘After the calculation of the control
word, wevrémember to limit X to 029570. | |

- If the control word is negative, as you see from the
Qharacteristic that we must add 96dec.to the.ﬁegétiVe UK_éuch

that the corréqunding delay angle,d ,is found.
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Y
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STORZ CONTROL STORE SIGN STORE CONTROL
STORZ SIGN STORE SIGN .
, . YIS
IGN OF CONTSS .£>®
0
NO OVERLD=@1
CORRESPONDING
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INCREMENT !
J+96




69 : B ‘ » ‘ ) -

C. Limitations in the Software

. _.1. Interrupt Pulse VWidth:

There are two interrupt sources. Wnen an iﬁterr;pt
Oecurs,_fhe ﬁicrocomputer must understand Wwhere it comes. -
During which a.time interval vasses. Therefore; the width
of the.interrﬁpt pulse should be aejusted according to tnis.
However, fhis width must be.such that both intefrupts cannot
eecur at'the same time. Due tb.the above limitations,""
monostables producing tnese interrupt pulses are ad34st°d to
a pulse w1dth of 40ps.

2; Limitations on.the Count Value:

Theeretically, thevbridge can be operated by a firing
angle_whiehaextends between 0° and 180°. However, in preetice,
for a'reliable operation, some-limitatiens should be made
‘at both ends of this range.’These limitétiens are known as
“forward_end backward" 1imifatioﬁs or "terminal stops".l
Therefore, the range of the couhtvvalue,is.limitea to 1-160.
These values correspond to the firing delay angle range of
approx1mate1y 1= 150 B

After a zero crossing 1nterrupt signzl has come tne v|
1nterrupts are. ‘disabled 'until the interrupt reason is understoo
Therefore, in order to ensure tnat tne software operates -
correetly; the count value of the counter snould not cover
all the renge of 0- 64 The limits. are experlmentally determlned

and llmlted to 1-60.

4
‘
i
\
:



VI. CONCLUSION

The microprocessor-based digital speed control -
‘syétem of motor drive is discussed and a new control
algorithm {IP) which is supefior_than the conventional
PI control system ha?e been achieved..

The system suffers from two serious problems;
one is the time lag problem, which inherehtly’éxists

in a digit=l control system, the second is the data

detection Zelay time.

Outoput speed is measured with a tfacking'type
A/D cpnverter which detects the instantaneous speed at
lower speeis, and it is assumed that the data detection
delay probiem is overcomed for a large amount.

. microprocessor-based digital control system'
:inherently cbntains a.cdnt;ol lag for prdceésing the
contfol siznal. The executioh time for processing the
~control p:ogram of the system is not so_ghbrf as.cpmpgfed
with a se=rling period. fheréfofe, tﬁis éontrdl iag also
affects tke respogsé and the stability of the system.

-~ & rredictive state observer can be introduced
to solve the two above mentionéd problems.- The pre@ictiveu
state observer gives the estimated values of the instantanecus
speed on the next sampling instance before the actual
time is rezched. This operation of the predictive state
40b$erver ccmpensateé both\the detection lag and the
control lzz. But introduction of the state observer into

the systez results in more multiplication operations .
J

of the corruter than the original IP control algorithm.
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This reguires a hardware multiplier.
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APPENDIX A

SIMULATION RESULTS . -

Froz discrete state equéfion of both controller
and motor, we can easily simulate the system in a digital
computer., Tzs simulation progrem written in BASIC is as

follows:

.-.S®EED RESPONSE...
10 EI=... :KP=... :KM=.94:TH=.46
20 T=0.0033:K=0

30 £=EXP(-T/TM):B=KM¥(1-A)

40 F=10:EK=0:EK1=0:X=0

50 EE=R-Y /

60 X=T*(EK+EK1)/2+X

70 T=XI*X-KPxY

R 80 x=fgw+3wﬁ.'5.

90 Y=7.8%W

100 T=K+1

110 ZRINTK,Y

120 =¥1=EK

130 30T0 50

14o~sfop

For the PI control system, only the control word is

different:

7C TU=KI*X+KPREK




e &

-

5

Load-to-speed block diagram of both system is

the same, Simulation’program-is shown below,

...LOAD CHANGE...
10 KI=... :KP=... :KM=0.94:TN=0.46 _
20 T=0.0033:K=0:X=0 | |
30 A=EXP(—T/TM):B=KM%(1—A)1

40 W=0:VT=1 -

60 X=T¥W%7.8+X

70 U=KIxX+KP¥W%7.8

80 E=VI-U -
,90\W%A%W+B*E

100 K=K+1 .

‘110 PRINTK,w"

120 GOTO 60

130 STOP _
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-

Scale: 16.5msec/div.

76
— . e et
" Fig.A.1 PI step response for K.= 10, K = 1.25
: Scale: 16.5msec/div. p
w(t)
A
T Al et L t < ,—w-‘
Fig.A.2 IP step response for Ki=10,'Kp=1.25
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~ Fig.A.3 PI step response for K;= 120, K = 3
: Scale: 16.5msec/div. :

10

— : — % ,9“? t

Fig.A.4 . IP step response for K =120, K =3
' Scale: 16.5msec/div. 1 p



.01

Fig.A.5 Unit step response to the load change
for X.=10, Kp=1.25 ; Time scale: 16.5msec/div.-

A w(t)

.01

Fig.A.6. Unit step response to the load change
for Ki=120’ Kp= 3 3 Time scale: 16.5msec/div.

——



«++.DIGITAL TNTEGRAL PROPORTIONAL CONTROLLER..

3E3¢ 1
320 7EP
21EC@1
22391
ND21g@4 ¢

DD36p4@6 -
DD36@818 .

DD360COC
DD361021

- DD361403

DD361830
DD36050C

DD360930

DD3£0D18

DD361103%"

DD361506

3 DD361921
* DD360618

DD360A21

.DD360E30

DD361206

DD36160C.

DD361A03
FD210070
DD36215F
DD36225F
DD36235F
DD36245E
DD36255D
DD36265D

- DD36275C

DD36285C
DD36295B
DD362R5A
DD362B5A

' DD362C59

DD367D12
DD367EOF

DD367FOC

DD218040

‘DD360008

DD360102
DD360202
FB

76
C3E701
F5-
DBO1 .

1F
D20802
1F .

D20802

“ 4

APPENDIX B

HLT .

" INTSRV -

LD 2IX+15n),O6
Lu (IX+19H),21
LD EIX+O6H) 18
LD IX+OAH§
LD EIX+OLH

LD IX+12H§

LD (IX+16H

- LD (IX+1laH), 03
LD IY,7000H .
1D (Ix+33) 95
LD (IX+34),95
LD (IX+35),95
LD (IX+36),94
LD (IX+37),93
LD (IX+38),93
LD (IX+39),92"
LD (IX+40),92
LD (IX+41),91
LD (IX+42),90
LD (IX+43§ ,90
LD (IX+44 89

~

LD (IX+125) 18
LD (IX+126),15
LD (IX+127),12
LD IX,4080H
LD (IX+OO) 8
D §IX+01) , 2
LD (IX+2),2
EI

HALT

JP HLT

PUSH AF
IN A, (O1lH)
RRA

- JP G,FIRE

RRA

"JP NC,MAIN

,BO
(EOO7H) A
HL, INTSRV
(1039H) HL
IX,4000H

EIX+O4H) ,»06

IX+08H),18
éIX+OCH) ,0C
IX+10H),21
(IX+14H),03%
(IX+18H), 30
(IX+05H),0¢C

IX+0DH), 18

§IX+O9H) , 30

X+11H), 0%




O1F7
O1FA
0Ol1FC
O1FE
0200
0202
0204
0205
0207
0208
020A
020C
020E
0210
0211
- 0212
. 0213
0214
0216
0217
.0218
021A
021B
021C
'0220
0221
0222
0225
0227
0224
. 0228
022E
0231

0233

0236
0239
023A
023¢C

023

0241
0243
0246
0249
- 024C
024F

- 0251

0253
0257

025A°
0258B.

025D
0260
0263
0266
0267
026A
026B

346104
D300
E67F
D300
CBFF
D300
97.
D301
B

OE0O
ED58
NBO1
E6CO
07

07

47

7B
E603
57

7B
E6FC
BO

5F
ED5%4904
37

3F
2A4BO4
ED52
DA3102
97
325004
33902
3801
325004
CDFEO3
7C
E603
CA4102
2EFF
2600
225104
FD7501
3A5004
FD7700
FD23
FD23

FD226304

2A6304
7D

F600
CCBDO3
2A5104
3A4 D04
47
3A5004
80"
ED5B4EO4

026F. OF

80

MAIN

SGNNEG

SGNPOS

ERR8BT

1D A, (ALPHA)
ouT (O0H),A
AND 7FH

oUT (OO0H),A

- SET 7,A

ouT (00),A
SUB A

OUT (O1H),A
EI

LD C,00H
IN E,(C)
IN A, (O1H)
AND CON
RLCA

RLCA

LD B,A

LD A,E
AND 03H

‘LD D, A

LD A,E
AND FCH
OR B

" LD E,A

LD (INSPD) DE
SCF -
CCF

LD HL, (SETSPD)~

SBC HL,DE
JP C,SGNNEG

~'SUB A

LD (SGNNER),A.
JP SGNPOS

‘LD A,01-

D (SGNNER) A
CALL NEGATE
LD A,H

AND O3H

JP Z,ERR8BT
LD LyFFH
LD H,O0H

LD (NEWERR) HL
LD (IY+01), L
LD A (SGNNER)
LD (IY+OO) A
INC TY

INC IY

LD (TEMP),IY
LD HL, (TENP)
1D A,L

OR 00

CALL Z,NEW
LD HL, (NEWERR)
LD A, (SGNOER)
LD B A

LD A, (SGNNER)

. ADD A B

LD DE, (OLDERR)
RRCA



0270
0273
0274
0277
0274
0278
027E
0281
0282
0283
0285
0288
0288
028E
0291
0294
0297
0294
029B
- 029E
02A1

0244

02A8
' 02AB
02AC
02AF
0280
- 02B1
02B4
02B5
02B3
02BB
02BE
02BF

02C2.

- .02C5
02C6

0207

.02C9
02eC
02CF
02D2
02D5
02D8
02DB
02DE
02E1
02E4

- 02E8

02EB
02EE
O2EF
02F2
02F3
02F6
02F7
02FA
02FD

DAB102
19
CD0604

78
325304

C3A402
330
3F

EDS2

DA9702 -

3A5004

325304

CD0604
225404
C3A402
CDFEO3
18

CD0604
225404

ED5B5704 -
3A5304

47

80 -
OF -
DAC502
19
D2BB02

. 21FFFF

225A04
18
325904

C3E402

37

3F
ED52
DADSO2
225404
345304

325904
C3E402 -

CDFEO3
225A04
3A5604
325904

ED5B5A04 -

CD3C04
3A5904
OF
D20D03%
19
DAFDO2

97

526204
030203
3E01

225404 -

325304 :

3A5604~

81

SDIFl

RESNG1

FNDITG

SUM(EFF

SDIF2

RESNG2

K%CONT

OVL

.

JP C,SDIF1
ADD HL, DE
CALL MULT2

LD (BETA),HL
LD A,B

LD (SGBETA), A
JP FNDITG

-SCF

CCF

SBC HL,DE

JP C,RESNG1
LD A, (SGNNER
LD (SGBETA),A
CALL MULT2

LD (BETA),HL
JP FNDITG
CALL NEGATE
LD A,B

LD (SGBETA),A
CALL. MULT2

LD (BETA),HL
LD DE (OLDITG)
LD A, {SGBETA)
LD B,A

LD A,(SGOITG)
ADD A,B

RRCA

JP C, SDIF2

'ADD HL,DE
JP NC, SUNCEFF

- LD HL, FFFFH

*e

L1]

LD (NDWITG) HL
LD A,B

LD (SGNITG),A
JP K¥CONT

SCF

CCF .

SBC HL,DE

JP C,RESNG2

LD (NEWITG) HL
ID A, (SGBETA)
LD (SGNITG) A
JP K#CONT -
CALL NEGATE

LD (NEWITG),HL
LD A, (SGOITE)
LD (SGNITG) A
LD DE, (NEWITG)
CALL MULT2

LD A, (SGNITG)
RRCA

JP NC,SDIF3
ADD HL DE -

JP C,OVL

SUB A

LD (OVERLD), A
JP Q1

LD A,OlH



02FF 326204
0302 225D04

0305 3EO1

0307 325C04
0304 C32E03

030D 97

030E 326204

0311 37
0312 3F
- 0313 EB
- 0314 ED52

0316 DA2303
0319 225D04

031C 97
031D 325C04

0320 C32E03 "

0323 CDFEO3

0326 225D04

0329 3EO01
032B 325C04
032E OF

032F DASFO3
0332 346204

0335 OF

0336 DA4203

0339 7C
0334 FESE
033C D2420%
033F C34403
0342 3ESE.

. 0344 2640

0346 112100
0349 6F
0344 19
034B TE
034C 47
034D E6CO
0350 07 °
0351 326004
03.4 78

. 0355 E63F
0357 F680
0359 326104
035C C39003

035F 346204

0362 OF

- 0363 DAGFO?

0%66 TC :
0367 FE40
- 0369 D26FO03

036C 337103 .

0%6F 3E3F
0371 47
0372 3E60 .
0374 80
0375 47
0376 E60OF

82 .

. " Q1

SDIF3

LD (OVERLD), A
1D (KOUT),HL
1D A,O01H

LD (SGKOUT) A

- JP DIVIDE

[
-

SUB A
LD (OVERLD),A

- SCF

CCF
EX DE,HL
SBC HL,DE

JP C, RESNG3
LD (KOUT) HL
SUB A

LD (SGKOUT),A
JP DIVIDE

RESNG3 ¢ CALL NEGATE

DIVIDE :

UPLMT

LOOKUP

DELAY

N1

UNLMT

REGN :

s e

LD (KOUT),HL
LD A,O01H

LD (SGKoum) A
RRCA .
JP C,N1

LD A, (OVERLD)
RRCA ‘
JP C,UPLMT

LD A,H

CP 5EH

JP NC, UPLMT
JP LOOKUP

LD A,5EH
LD H,40H

LD DE,33

LD L,A

ADD HL DE

LD A (HL)

LD- B A

AND COH‘

RLCA

. RLCA

.
*

LD (RANGE),A
LD A,B

AND 3FH

OR 80H

LD '(ALPHA),A
JP FIN

LD A, (OVERLD)
RRCA -

JP C,UNLNMT
LD A,H

CP 40H

JP NC, UNLMT
JP REGN
LD A,3FH .
LD B,A

LD A,60H -
ADD A,B

LD B, A

AND OFH



0378
037B
037C
037E
0381
0383
0%86
0388

- 038B

- 038C
038D
0390
0393
0396

- 0399
039¢C

“039F

03%A2.

03A5
0348
03AB
- O3AE

0%Bl.

0384
03B7
O03%BA
03BB

038D

03C1
- 03C2
03C4
03C7
03C8
03CB
03CC
03CE
03D1
03D3
- 03%D4
03D6
03D9
03TA
03DD

O03DF

03EO0
03E2
03E5

03E6

03E9
03EA

O3EC.

O3EF
O3F1
03F2

03F5

O3F7
03F8
, 03FB

CA8BO3
78

FESO
D24C03
FETB
DA4CO3
3ETB
C34C03
78

30
€37C03 -
205104 -
224 E04
345004
324D04 -
2A5804
225704 -
345904
325604
CD1EO0O
CA1B04
CDC203
CAOBO4
CDE0O3

'CC1404

Fl

ED4D
FD210070
C9 '
3EFS8,
3200E0
00 .
3A01E0
2F
E621
C2D403
C601

Cc9

3EF2
320080
00
3A01E0

'E604

€9
3EF8
3200EO
010 I
3A01EO
2F
E621
C2F203
C601
C9
3EF4
3200E0

00

3A01EO
E604

83

RLMT

CORECT

FIN

BACK
NEW
SPCHNG

2NDP

SNCHNG

2NDN

JP Z,CORECT
LD A,B :
CP 128

JP NC, DELAY

CP 123

JP C,DELAY

LD A,123 .

JP DELAY

LD A,B

INC-A

JP RLMT

LD HL,(NEWERR)
1D (OLDERR),HL
LD A, (SGNNER)
LD (SGNOER),A
LD HL, (NEWITG)
LD (OLDITG),HL.
LD A, (SGNITG)
LD (SGOITG),A -
CALL BRKEY

JP Z,MODIFY
CALL SPCHNG

JP Z,PCHNG
CALL SNCHNG
CALL %,NCHNG

- POP AF

RETI .
LD IY,7000H
RET - ;
LD A,F8

LD (E000),A

" NOP

LD A,(EO001)
CPL

AND 21H

JP NZ,2NDP
ADD A,01

‘RET
‘LD A,F2

LD (E000),A
NOP .

LD A, (E001)
AND 04

RET

LD A,F8
LD (E000),A
NOP

LD A, (E001)
CPL

AND 21H

JP NZ,2NDN
ADD A,OL
RET

LD A,F4

LD (E000),4A -
NOP

LD 4, (E001)
AND 04



O3FD .
03FE

O3FF
0400
0401

0402

0403
0404
0405
0406
0407

0408
0409

- 040A

040B
040F
0411
0414
0417
041A
041B
O41E
0421
0424
0425
0427

0429 .

042C

- 042E

0431
0432

+ 0433

0435

0436

0438

0439 .

- 043A
043C
043F

" 0440 |

0441
0442

0443

0444
0445

O 46 -

0447
0448
0449

84

" NEGATE

MULT2

- PCHNG

NCHNG
MODIFY

FIRE

" CRLIMT

. _INSPD.

SETSPD
SGNOER
OLDERR

~ SGNNER

NEWERR
SGBETA
BETA

- SGOITG

OLDITG

RET

.0

£ 1]

.
b4

LD A,L
CPL

LD L,A

LD A,H
CPL .

LD H,A

INC HL

RET

NOP-

NOP

NOP

NOP

RET

LD HL,0260H
LD (SETbPD) HL
JP BACK

LD HL,0220H

LD (SETSPD) HL

RET |
LD HL,2441H
LD (1089H ), HL
JP BRK

EXX

IN A,(01H)
BIT 5,A

JP Z,CRLINT
AND 1C

LD HL,RANGE

OR" (HL)

LD LA

LD H,40H

LD A, (HL)

oUT (01) A
EXX

POP AF

RETY

LD HL, (INSPD)
ADD. HL HL

-ADD HL, HL

%6 S8 60 OF 4o 98 se es Sa e

ADD HL, HL
ADD HL,HL
NOP
NOP
NOP
NOP

NOP

RET
DEFW
DEFW

'DEFB

DEFW
DEFB
DEFW

" DEFB

DEFW
DEFB
DEFW
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SGNITG
"NEWITG
SGKOUT
KOUuT
RNG
RANGE
ALPHA
OVERLD
TEMP .
BRK
BRKEY

45 o8 S8 €0 49 At 43 OS¢ ss o6 as

DEFB
DEFW

‘DEFB

DEFW
DEFB
DEFB
DEFB
DEFB
DEFW
EQU 6000H
EQU 001E

. END
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 APPENDIX D-

CONNECTIONS OF THE BOXES

. Be
1. Output

7- 6 5 4 3 2 1 0

R I ~
Load Empty - .
signal ~ Counter

Q +15V Green wire

White wire

A, Small Box
Interface between the uP and the bridge.
1. ¥ront Panell
~ A/D input
+ which should not exceed +10V
- it is grounded inside
2. DBRack '
_ Yellow Blue Green
+5V & 6] , Q ]
v v, - v
5V © ‘ a b c 0 -15V
: ' match the same colours . _
G 8 of the cables Brown wire is
: ground which
should he
connected to the
system ground.
(F 15V power supply which is inside the big box
is fed by 220V~ ) |
3. Gate Pulses
Colours shauld match at the blue socket
1 Purple 4 Brown
2 Red 5 White
3 Green 6 Yellow
I/0 PORTS
)
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2. Output - #1

7 6 5 4 3 2 1 0
 Empty SéRll .
. SCR2
SCR3 |
SCR4 -j
SCRS ¥
SCR6

3. Input @p

17 6 5 4 3. 2 1.0

ADC Least significant bits

4, ‘Input- @1

7 6 5 4 3 2 1 0
~V— | ¥ ¥ ¥ ]
ADC | l @A ¢gB 9C
current Count Zero
-limit zero crossing-
I/0 CARD MSB MSB
INPUT 2 .
PORTS * .
g¢ @1
- T : ) QIVISB
OUTPUT .
PORT :
- gp 3
'~ uSB
OUTPUT .
PORT -
g1 T
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C. 1/0 SOCKET

1 2 3 4 5 6 7 8.9 10 11 12 13 14
Ld NC. o | | ‘ -
| ‘Count'valﬁesv_ Gate pulses |

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Z2C CZ dgc ’¢b “@ga CL ' ’ S _

- ADC

31 |

Base interrupt -

‘which goes to the
breadboard by a grey wire

D. Thyristor‘BridgevBQx .

It contains six thyristors and ‘pulse transformers

tbgether with the corresponding tfansistors. There is also

a current limiting resistor(0.35% /5W). |
The switch inside the box breaks the power(+15V)
- going to the puise transformers._This switch protects the
microcomputer_frbm 1osdihg all ones during initialization.
After the system has been run, this switch must be closed
Blue switch cuts the three phase mains from the .

thyristors.

E." OPERATING THE SYSTEM

. Toad the Symbolic Debugger _
Load the program
Conneqti?lSV_poWér1supp1y to the mains'
donnect +5V to the small box

Close the three phase

Set a break p01nt to the address 1ocat10n of 6¢¢¢H‘

30
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Run the program ’
Close the three phase mains sw1tch(at the rlght
_1de of the bridge box 4
Close the pulse transformer'ewitch
Now the éystem‘must operate

o Shift+T speed increase

Shif£+G speed decrease
F. Stopping the System -

Prees shift+break xeys
or | |

Open the fhree4phase mains switch
or ’ |

Open the pulse'trensformer switch
G. Current Limit‘i |

The output of the current lmmltlng circuit is normally.

Logic '1',Vand becomes Logic 'O' when the current: pass1ng

through the motor exceeds approximately 6A.

APPPH-4@1LAH addresses contain Firing Look-up Table

4¢21H-4¢82H' addresses contain Inverse Cos. Table.



APPENDIX E

......... .

SEPARATELY EXCITED DC MOTOR _

DC motors are widely used in industrial speed cbntrol
drives, In modern dc drives, the,classical.motor—generator |
set has been replaced by a thyriétorized fower converter
which provides faster response at a lower cost. To obtainfthé
necessary speed accuracy, closed loop confrol is usually
neéessary.'dlosed or feedback systems generally have the
advantages of greétef accuracy, improved dynamic rééponse,
~and reduceé:effect of-distﬁrbances such as loading.

With solid-state poWér contfbilers, protectibn can
be an impdrtant cpnsideration. For simplicity and ease of
understénding, the system ié reduced to the’lowest possible
‘:orier. This requires,néglécting somé.smaller‘time-gonsténts;..
0 Consider the separately eieitéd dc motor with armature

voltage shown in Figure.3.C.4_ - -The voltage loop equation is
e, = eg+1aRa+ dla/dt La . (3.D.11)

where
e = k P - (3.D.12)

The torgue balance eguation is

L+Bw+J»dw/dt, (3.D.13)

T.é= T
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. °—;aa“ ‘;:’+ if(constant)
e~a . eé
(a)
T
; 1,(s) 7 Te %El =
1/R lE a —_—tl
1+S€:e o 2 1+s°Cp |
E (s) ' '
ka¢
(v)
B, [ & (1#'( ) 1,(s) K
—-;J I a ma , ,
. (14T P 1457, >
(e) - |

where -

In the laplace domain,Bq.(3.D,11-1¢4) can be written as

Fig.3.C.4 Development of motor transfer fﬁnction”
(a% separately excited dc model,(b) complete transfer
function, (¢) simplified transfer function. :

e

T .= kaﬁla

Eg(s)=ka¢w(s)

(3.D.14)

' Eé(s)=Eg(s)+RaIa(s)+LasIa(s)

Te(8)=1, (8)+BW(s)+IsW(s)

To(8)=k, BT, (5)

(3.2.315)"

(3.2.16)

(3.2.17)_

W(S)



Thus : " ‘ -

: Ea(s);Eg(s) (Ea(s§ - Eg(s)')/3a
I (s)= = — .
E_+ sk 1+'Zés .
where
>zé= La/RZ-
1 (s)-r(s)  (2_(s)-T (s))/B
W(s)= — = :
=+Js ‘ 1+ Zn s
-;where
tm=J7B

These reiztionships are shown in block diagram form
 in Figure.3.C.4b
' QNOéé,the féédﬁack-loop‘preSent in the form of the
back EMF. This provides the moderate speed regulation inherent
in the separatelw excited dc‘mbtor.

From Figzre.3.C.4b , an expression can be obtained
for the change im speed W(s) because of disturbances in

epplied voltage, Ea(s), and load zorque,»TL(s).

, Gl(s) Gz(s)
W(s)= 7 E (s)+ —1, (s)
1+Gi(é}Hl(s) o 1+G2(S>H2(S)
where
1/Ra 1/B _
Gl(s)=£—____i_)(ka¢)( < ), Hl(s)=ka¢

l«'—,sZ 1+sC

.



Y ~(x_$)%/R
G,(s)= ————-/—-— y Hy(s)= o . /P
1+s2fm  l+sC,

- If we neglect the load torgue term for now,

W(s) o kB
- - a

£ (s) <ka¢)'2+na3(1+sze}(1+sZm)

If T KT, (which is almost always the case), then C_ can be

neglectted and the expression simplifies to

Wis) k;¢ o | -k

—
=

—

4 ) 2 y ‘ g
Ea\s) (kam +RaB+sRaB‘Cm 1+s Zml

where

Cpi= = ‘ T ko= . R zfmi<<731n

’(ka¢)2+RaB é (ka¢)2+RaB

Referring to Figure.3.C.4b

- W(s) kaﬁ/B

I_(s) 1+s T
Therefore,

Ia(s) W(s) Ia(s)

E {s) ‘Ea(’s) w(s)
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I

S (1+SCm) o

k 8/B  (1+sC ;)

The motor can then be represented, for voltage control
analysis purposedl, as two blocks as in Figure.3iC.4c
where | |
B k P

: \ . calt o _ |
k= , k= © k_=k__k

(ka¢)2+RaB' B

Iﬁ the proceeding analysis, we will define Zanl

as T for simplicity.

Resulting discrete state eguations are as follows:

 ;1((k+1)T5— exp(-1/T "'xl(ka'
. | = . +
xp(e)T) || Ty (Lexp(-277,) L 3|00 |
r%é(i-exp(-T/Tm) |
+ | . _ | u(kT)
Km(T—Tm(l—exp(—T/Tm)

y(kT) =‘x1(kT)
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