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ABSTRACT:

The purpose of this article is to present the application
of a new modelling method to determine the parameters of a
digital proportional - integral controller for the current of a
separately excited D.C. motor fed by d.c. chopper.  Three
modes of operation of chopper are considered, duty, commutation
and freewheeling. A non-linear discrete model is obtained from
which a linearised discrete model is deduced. The character-
istic equation of the sgystem is then determined. The expre-
ssions of controller parameters as a fanction of the required
poles is given. To check the romutlts a program of simulation
is made to got the current ye «pnnn due to step change in

current reforence,

1, INTRODUCTION:

The systems including static converters are usu-
ally non-linear and sampled data but, often are approximated
by linear continuous models ([1]. In these models . the non -
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3, MODELLING PRINCIPLE J[2]:

The operation of any static converter can he
-considered as repetitive cycles each of which may be devided
into several intervals called modes. The equations of the
system and its state varlables differ from one mode to another.
The problem is firstly how to determine recurrence equations
representing the different modes which is valied over the whole
mode. Secondly how to determine the joining relations e.qg.
which can provid 5 solution at the end of one mode and the
begining of the next mode. Then we can determine a recurrence
equation for a basic cycle of the system.

Let us consider a mode K of period TK = (tn ; t;) anag the

state variable is XK. The limit states are the initial

oY . 4 t \]
[XK(tn),tn] and the final lkx(tn),tn}
The deferential equation of this mode is

ax

LK . § ~ ;
Fy + GK X = ZK(L) t & (tn p ) ) oo ()
and its state equation is:
dax
=X
= A, X, +B (2 . (2)
at K =K K :
with
- - ~1 B . -1
Ag = Fp = Gy and g Fp vy
The solution of eguation (2) is given by
t! (
1 n t'-t)A
L S (o B B By (t)dt
t
n

multiplying both sides of equation (3) by et Pk we get

-



1 ) -
By (X (8)) €)= B (X (£) Lt ) ... (4)
with )
t ﬂ |
- - B
B o t) = P x - s Pk Ployoar 5
e}

The E function is invariant on the trajectory (X(t), t) its

variation verifies

8 Ey (n) = § By (n) . ... (6)
with
_ -t A : .
§ Ep = e K L& Xy YK st] ... {7)
~ where )
) . B
XK (t) hy X, (E) } K (t)
v u$ — ——
4, THE SYSTEM EQUATIONS: E
‘ ! !
: |
!
L\ ! ot
i Ay ~ N
VC tﬁ: tnl’ tn tn.i
£ [l ot —

———— o -

" \ L\
Un-1 th tr\ tn tmx
Figure (2): Tho wave forms of the armature
and capacltor voltages.
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Flgure (2) shows the wave forms of the armature voltage
and the voltage across the capacitor of the chopper. Also
it shows the considered three-: modes, duty ({a).r comutation (b)
and free-wheeling (c).

4,1, THE MOTOR AND CHOPPER EQUATIONS

MODE A: (duty)

The normal conduction mode of duration t,=t “tﬁ,,
We do not consider the oscillation of the voltage V whlch.has
no effect on the system. From figure (3) we can Vllte.
| . g
di M . e-—l—. Ll ; A
) + ri= (E, ~E) ... (8) ) T i ! ‘
at Lo i SEE TS SR
. - . l l
dai ) . (Ei Eo) £, i3
——— - - 3 + 3 “ e (9) h l
- | I
. E.
The state variable X = (1) and . — .T
- (:5_) B - e —E_l Figure{3) :The equivalent circuit
»- !
a 2 a L of chopper in mode a.
Fa = (1) ' (-?a = (r) , Va = (Ei—EO)
MODE B:
The commutation interval of duration tbztﬁ*tn'
From Fig., (4) : The equations in this mode are:

— P
ai ,

dt -k

Figure (4): The equivalent circuit

of chopper in node b
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Or in matrix form,

1 o1 i/ dil+ [r 171Ti 1= [E. - E
+ © ... (10)

o c dvc/ ai - -1 o v o

Equation (10) can be writen in state equation form:

r ] B e -
ai - -r -1 o] E,-E, )
. e i + ———
dt [} [} 2 e (1T)
ch —l— o] : VC o
L. d - - C pu b - — ]

t

The state veclor is Xy, *i

-r -1
8 g By T Fo
Ay = Bb = 2
1 o
C N o
=
1 o r 1
Fy. = G, = and V, = El Eo
b b b
o} C -1 o
o]
i
THE MODE C:
The freewheeling interval of duration t = tg - tg
<
From fig. (5) the equations are:'h-j%;— Di _-n
) r
at oo
2 + ri= ~-E .. (12) ! ]
o) 1
at Ei ~o—3 (
ai E
r o)
—"a’t—' = hd 'E'i - T * e (13) E'
with palndiadieiendein it
X = i
c (1) Figure (5): The equivalent

circuit of
of chopper c¢
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linear effects are negligible and the band width is not too
large. For the cases where these aassumptions are not applicable,
previous works [2] and [3], presented a systematic method to
establish the rigorous non-linear model and the linearised
model about a steady state operating point.  Using this meth-
od., calculations have been carried out to determine the param-
eters of a digital current and speed controllers for d.c. motor
fed by thyristor bridge [4], [5]. In this paper the problem
is different we try to adapte the general method in fZ] to
the case where the motor is fed by thyristor chopper and .not
thyristor bridge. The model of the motor and chopper is
deduced in the form o6f recurrence equations where the digital
controller is expressed directely in recurrence form.

A linearised Nodel of the syatem is obtained by linearising

the non-lincar model around a steady state operating point.
The characteristic eguation of the system is then obtained,
from which the controller parameters are calculated for the
desired response. A complete program of simulation is ’
developed to study the behaviour of the system, taking into
consideration all the discontinuities which may be occur in

the system.

2. DISCRIPTION OF -THE SYSTEM:

The system is shown in Figure {1}. 1t consists
of a separately excited d.c. motor fed by chdpper. The firing
pulses for the auxiliary and main thyristor are generated by
digital impulse generator. The input to the impulse generator is
the output of a digital P.I controller.

e e e o ’J

bC bDC {
chopper | Imotor

Fm——tem——

Figure (1): The block diagram of the system.
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The three modes are separated by three events, two external
events, the firing of the thyristors and an intermal event, the

turning on of the frecwheeling diode (Figure 2).

The recurrence equations of d.c motor and the chopper

are.
Ba UXL vty - B, (%, t ) (14)
Fb { Xb ; t) = Eb { Xg . ) (15)
E, { X', tx']) = B { xg t;‘] ) (16)

4,2: THE CONTROLLER EQUATIONS:

From Figure (1) the controller equations can be written
directly in the following discrete form.
) - u(tll

n-1 )

t;_? ) = K [u(t;’l_1

u

1

t; -V [Ref (1) - i(t;—1 I & r B

) - ik

SIS RN £ 1))

4,3, THE LINEARISED MODEL:

Equations (14 to 16) can be linearised around a steady
state operating point defined by:

i

it ) 1« tn—1 ) = i,
" - 1 t o
“n ; th-a

and may be written as follows:

§°E = 7 ’
Rb — Eb (tn) § Eb (tn) O D
 J— B TS I oo (e cee .. (20)
& " o .
Ra Lu (!‘]_’ } Lﬂ (Ln) A VA D]

The linecarised model of the d.c wotor and the chopper will be

the cquations (19) , (20) and (21). 7The joining relations R

ca '

RTL and Rb necessary to describe the global point maping:
ap c pe
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¥h-1 w »- %

ti) R (at the instant tﬁ);

be

Assuming that the relation between the state vector at the end
of mode b and the state vector at the begining of mode ¢ is:

X—c = ch &,
or &, = Cpe ¥
we can wrilte also
Yo = Pop Yy
with T
= (1 o)
Cy * D, =C
and oh b he
Fc " Bq, rb Cpo v Yo Dan Gb Che:

Ysing the above relations and the defintions of ﬁEC (tA)

and 6 Ly, (tg) from eauation (7) the following joing relation
Rbc»can be written as:
1 LY
tn A t Ay

0 c 0 ' = n " -t
Fc e GEC (tn) ch e 6Bb (tn) e 122)

¢%¥)wRab {at the instant tn):

The commutation mode begins at a [ixed instant tn (i.e.stn=o),

Then using eauation (7) for modes (a) and (b)
-t A
= n )
6Ea (tn) = e GXa (tn) N «oe (23)

. ) n ’ :
GEb (tn) = e 6hb {t)) e Lo (24)

Now suppese that the state vector Eb is related by the following
equation with the state vector X

X, = H X o+ H B R 1))
with
1 (o]
Hba - ( O ) ? "b = ( __1 )

The variation of eauation (25) around the steady state point is:

nﬂ_}_{_a e e v (26).
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" from equation(23),(24} and (26) we can write the joing relation R ¥
-t_ A Tt A a

y =e D OBy o SE. (L) e .27

6 Eb (tn ba o n

PR . L a
(111) Roa at the instent (Ln 1)

The relations between state vectors Xa (tﬁ -1) and Xc (t; -1)

can be written as:

X, (tg ~1)

", : i =
Hac Xc (tn 1) " with Hac (1)

i

5%, (£ -1) Hae 8% (E2 =1) O 1)

.U, DETERMINATION OF THE LINEARISED MODEL FOR THE D.C, MOTOR AND

CHOPPER:

The joining recufrcnccRbc eguation (22) can be written in
the following from using equations {(19) and (20).

Tt Ao - b Py
" " - [T 9
5EC {tn) e Fc ch Pb e 5Eb (tn) ce. {29)

eleminating s By (t) from equation (29) using eéquation (27},

we get: ’tg Ac -1 "(tg’tn)Ab ‘ a
8B (ty) = e Foo Copfp® H e ™ P 55 (t)
ba “Fattn
... {30)

using the recurrence equation of mode a 'Ra (eauvation 21)
and the relation (28) the linearised recurrence equantion of the

system (motor - chopper) can be obtained:

4 u - Y ;L L
& X _(E1) (te) et = M

c' n c Xc(tnuw) - M

Y (td) §E-1 ...
a(t ) §t] 1 (31)

RHac R

where _ ! t

M, = e © r c., F

R o] ‘oh " h e hra (32)

In equation (31) X. 1s replaced by i and the general form of the

linearsed recurrence equation 1s gilven by:

: 1 - " - s Lt - " o]
s i (") A §tn B § i (Ln_1 ) C G(tn-q)"(BJ)
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Ay B, C are given in appendix.
The linearised equationsof the controller is deduced directly
from (17) and (18) as follows:

Su () = sul(el, ) - ve i (tM ) ... (34)
Sater ) - SLO(EM ) = 1, S(EM ) ... (35)
n—1 -1 /k Ti—1
4,5, THE CHARACTERISTIC EQUATION OF THE SYSTEM:
-~
Using the I transform in equations(33 to 35), the charactrisec
equation ¢ he system (motor - chopper - controller) may be
written as:
22(1—KA}+[1+B+(C+A+A VIK ] 72 = B+KC (1= ) = o ... (36)

assuming that the deslred polew of the system are 21 and z,

Then the controller parameters can be written as a function

of the desired poles:

A(Z.2. +B) + C 11 +B+ (2, +72.)]
K = 1.2 : 1 2 cee e (3T)
A (C+ A 2122 Yy + C 1 A(Z1 + z2)~C(c-.-1a)]
2.%2. + B C +nZ7.2
Y= —12 g 12 (39)
C o

for fast response we will dctermine the controller parameter

for the deadbeat response ie.Z1 = Z2 = o , then
k = DB+ (1 "23) N € L3
2 AC-~-C
vk = -2 - K R 1))
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5. SIMULATION:

A program of simulation is written based on Runge kutta

numerical method to solve the differential equations of each

interval.

The digital controller equations are used at the end

of commutation interval to calculate the firing instant of

thyristor T, (the begining of the duty interval).
simulation' is presented by

INITILIZATION

the following flow char

Comnutation
intervdl

No/g‘

C
yes

Controller equati-
ons determination
of t" '

n

Frecwheeling
interval

R

t

Figure 6:

1__ves

Duty interval

No

yes

Reinitilization
of controllor
variables

S

= NTP STOP

Flow chart of simulation program

The process of
t (Figure 6):
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6. RESULTS:

The d.c motor has the following characteristics

r=8ohm , 11 =33.6mH , K, = 1 Volt/Amp.
and the chopper has the following characteristics
¢c =10 u.F , E, = 100 Vvolt.
The parameters of the digital controller are calculated for an
operating point given by i(t;) =1, = 2.812 A and their values

are K = 0,022 ¥ = 0.81 for deadbéat rusponse.

M2
The simulation results are glven by Figure (7) which illustrates

the motor armaturercurrent duoe to step change in current reference,

‘ B

Fig. (7): The motor current rcsponse of the d,c. chopper
for step change in current reference.

7. CONCLUSION:

The use of Microprocesser necessitates sophisticated model of
the control systems.

This paper prescnts a new application of a gencral method of
modelling for control system including DC - DC converters. The
formula-of digital controller parameters are given as a function
of the desired poles of the system. The results of simulation
carried out on digital computer satisfies the theoritical results.

8, LIST OF SYMPOLES:

i = Instantancous value of the armature current.
Ki = Gain of current transducer.
K, = Controller parameters.

Rel{l)= Current reference.



-7

9, REFERENCES:

[111

(2]

3]

[4]

(5]

LEONHARD W.

"Regelyng in der Elektrischer Autriebétechnikm Teubner,
Stuttgartm 1973. -

J.P. LOUIS.

"Caracteristiaues dynamiaues d4'une regulatién a'thyresters
presentant plusieurs modes de fonctionnement" C.R. Acad.?
'Sc. paris t. 291 (6 Oct. 1980) Serie B-149.

"A.A. EL-HEFNAWY, S. A. MAHMOUD

"spéed and current control of D.C motor inccontinuous
current operation” Electric machines and power systems
jaurnal, Volume 8, No.2, March - April 1983.

J.F. AUBRY, G.H. PFITSCHER, J.P. LOUIS, A.A. EL-HEFNQWY
"Regulation d'un motor a courant contmu avec control du
courant par microprocesseur moﬁochip" Conumel 83, Tovlouse,
FRANCE, 9-11 Mai 1983.

A. EL-HEFNQWY, J.P. LOUIS, J.F. AUBRY

"Current regulation and speed control of continuous motor,
medelling, optimiwation, simulation, set up Canadian
Electrical Jjournal, Vol 4, No. 4, 1984.

[10] APPENDIX:

Ey R
S A R e
B o= 4o Rl
C
c = B [ PiPo R (t" )
- L L n-1

¢11 = e—Btc sin (wt“+¢) / sin ¢



