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Abstract

The paper presents o novel dynamic speed ref
erence lrajectory fracking coniroller using an error
driven self-adjustable, self-regulating nonlinear control
block The speed comtroller has two time-decoupled
control/1equlation loops namely:

1. The speed reference irajeciory iracking loop

II. A supplemeniary minimum power input dynemic
tracking-search loop to ensure higher wililization
efficiency for inrush type, cyelical and dynamic
loads. '

The poper presents Mailab digital simulation re-
sults of & DC motor drive system with the switching
inherent deley and other drive/control nonlinesrities
taken into considerction. The self adjusting hyper er-
ror driven nonlinear control block ensures good speed
reference tracking, minimum fnrush current ond ez
cursions os well as onling energy comservation and
electrical power energy savings for large industrial DC
motor drives in the range (100kW-1000kW).

1 Introduction

Large industrial DC motor drives are still used
in a multitude of industrial and manufacturing pro-
cesses such as pulp and paper, steel mills, conveyors,
robotics, guided vehicles, mining and earth-moving
equipment {1, 7, 8} Several control techniques [2, 1]
are currently utilized, including conventional propor-
tional plus integral, tunable, model reference, adap-
tive, state space optimal control schemes as well
as novel neural, fuzzy and [5, 6, 9-10] neuro fuzzy
speed/position regulating loops.
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To ensure the design of high performance and ef-
ficient DC motor drives, all nonlinearities associated
with the converter’s switching, common discontinu-
ous current mode and firing angle limitations as well
as inrush current and starting conditions should be
accounted for. Control objectives of fast 1esponse
time, minimum overshoot/undershoot, short settling
time should also be augmented with the additional
requiremnent of energy/power utilization efficiency, es-
pecially for large industrial motor drives in the range
of [L00kW - 1000kW].

The use of a new concept of hyper-error driven
(speed and power) regulation is introduced in this pa-
per. Figure 3 depicts the basic structure of the dual
bridge armature voltage control scheme driven by the
combined slow and fast acting loops of speed reference
tracking as well as dynamic "minimum” motor input
power tracking. Figure 4 shows a block diagram of
the two-loop speed /power tracking controller with the
TANSIGMOID error driven nonlinear block.

2 Control Equations

The motor drive system was simulated on the Mat-
lab/Simulink software environment using typical DC
motor equations [9]. Figure 5 depicts the motor
/controller/drive system model as represented by the
Simulink block structure. The control scheme utilizes
the (per-unit) hyper-error vector (ew, ew, €,) governed
by the following equations: '

Define all per-unit errors with Tyampiing Ts = 20ms

() = () - 22 1)
ep(k) = Pu(B) = Pulk - 1) Q)

ew (k) — ew (k)

cut) = 2 S (3)



The total error eo(k) at a time instant:

eo(k) = ew (k) + veu (k) + kpep (k) (4)
1 — el~Feo(k))
Avelk) = Kol Re(W) s ey (%)

Where R,(k) defines the measure of the error ex-
cursion in the projected (e, — ep) plane

R.(k) = J&,Z + ewt (6)

1
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The control signal V,(k) {£5V) is applied to the
grid switching block (GS) to yield the control angle
e (k)

a(k) = cos™ (kg - Vo(E)) (8)

The motor armature voltage Va(k) is finally given
by the followmg equation

V,(k) = Va(k Z2Gp 9
(k) RH2+%+ME ()
Vr(k) = 1 35V pcos(a(k))e~Tos (10)

The inherent switching time delay 7} is chosen to
be 18:% milliseconds, which corresponds to the 6-pulse
converter bridge with control(er) limited in the range
(5° < & < 175°) for a dual rectifier bridge.

3 Simulation Results

The full motor drive and a novel controller model mlués

was implemented using the Simulink 5 model shown
in Figure 5. The motor and drive system and control
paraineters are given in the Appendix.

The - controller effectiveness in tracking different
speed reference trajectories were tested for step, sinu-
soidal and trapezoidal references. Figures 1 and 2 de-
pict results for the sinuscidal reference Per-unit error
excursions are depicted in the projected error planes
of the three-dimensional ey, €}, e,) vector The need
for better selection and tuning of the control parame-
ters (Ky,v, Kp) was very evident in the case of sinu-
soidal speed reference tracking. The offline trial and
error selection process was formalized by defining the
time-scaled objective functional J to be minimized as
follows:

=3 T R (11)
k=1

where

N = Settlingcount = Tlarges!mcchanicc!timecmsmn!
= = T,

(12)

An online slow optimization algorithm based

on (11) above can also be utilized to perform selec-

tive online snap-shot calculations of (Kp,7, K,) and
control parameter tuning

4 Conclusions

The paper presented a novel nonlinear error-driven
self-adjusting speed regulator for large industrial DG
motor drives  The nonlinear self-adjusting error-
driven ” Tansigmoid” block ensures an effective control
signal as dictated by the per-unit three-dimensional
hyper-error (., €y, €p).

The addition of a slow-acting dynamic motor input
power tracking loop ensures power energy efficiency,
minimum inrush and associated supply line harmon-
1cs, minimum load excursions, and less electric energy
consumption in case of a cyclical inrush type motor-
ized load The selection of optimal control parameters
is essential for better robust tracking of complex speed
reference trajectories The novel controller is now be-
ing extended to position control of robotic manipula-
tors and guided vehicles with the inclusion of a second
speed derivative (€,,) and extending the error hyper-

plane to a fourth dimension, as well as the addition of

an online tuning block.

Appendix
‘/L.L- = QY ou (L

Power = 93 25 kW ; Input Voltage = 230 V; Ref-
erence Speed = 1204 rad/sec Ry =100 Ly = 200
mHC; =100 FKy=5K, =0K, =0022 R, =
00125Q L, =10mH] =35Nm-s*B=068 Nm- s
Ke=Km=191XK,=020

Controller Values
Kp=077=015Ko =97, = 20 msec 8 = 30
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Figure 1: Tracking Results for Sinusoidal Reference
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" DC Link Fiter ! DG Motor |
I '1‘ |
Ve, T
@_‘ﬁ{i V\f ‘TV\/\/V
il % :
{protacion} [
(e PL00=V, (il
| actey

H

SeaﬁgLnZ
3
P,!mp 1)

'..—rh
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Abstract

The paper presents a novel self adjusting
speed (SAC) controller comprising two dynamic
error regulation loops (speed and power} Lo
ensure effective speed reference tracking as well
as powerlenergy comservation for common
cyclical loads driven by industrial large DC
motor drives.

Introduction

BC motor drives are extensively wutilized in
industries such as stecl, pulp and paper, chemical,
mining, earth moving and food processing due to
their superior controllability and the low cost
control effectiveness of either DC-DC {chopper)
drives or industriat thyristor controlled dual
tectifier converters [1]. Different control
strategies  were  extensively utilized 12-6]
including  classical (PID), optimal control,
adaptive control, self-tuning and variable-
striucture nonlinear control. New AT based
control designs were introduced due to severe
mechanical load nonfineatly also, unexpected
load excwrsions, parameter uncertainties, drive
converter inherent dead-time,

triggering inherent delays, DC current possible
discontinuous-mode-of operation and
switching/firing circuit common maloperation
problems. Artificial intelligence control strategies
implemented for DC motor drives include fuzzy
logic (FL) and newal network (NN) based
speed/position controllers. Both fixed-structure
and online “adjustable” neurofuzzy control
techniques were implemented and utilized
especially in large industial type DC motor
drives. :

N

This paper presents a simple and novel
nonlineat error driven, error scaled and self
adjusting speed controller (SAC) for industrial
DC motor drives ‘equipped with large thyristor
controlled six-pulse dual rectifier converter with

" their switching inherent circuit delay (T,).

Control Design

Figurel shows the foll DC motor drive system
comprising the AC supply interface transformer,
G-pulse dual controlled rectifier converter with
the both forward and reverse thyristor bridges
using o-control and the DC motor driving a
mechanical load. The DC motor drive is usually a
separately excited or a permanent magnet fype

DC motor.

Figure2 depicts the proposed self-adjusting
speed controller comprising the two time
decoupled regulation loops namely:

a. Fast speed regulation foop tracking a complex
reference speed trajectory.

b. A supplementary power slow acting loop to
ensure powet/energy savings and electrical
energy conservation any for any cyclical, inrush
or on/off type mechanical load cycles.

The fast acting error-driven, error-scaled self
adjusting speed loop utilizes the speed error (e,)

and its derivative (e, ) while the slow acting

decoupled power loop utilizes a dynamic eror
tracking/minimum metor input power (D} power
loop The building block of the novel control
action is a nonlinear self-adjusting “Tansigmoid”
nontinear error-driven block (NLL) as shown in
figure2. The effects of thyristor switching-
inherent delay is also included in the
Matlab/Simulink  full drive-system model as
shown in figure3,
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Figure 2: Novel self-adjusting speed controller with supplementary minimum motor input power.

The SAC controller dynamic equations are
based on speed and power ertor at every instant in
time &

elB=0a(B-0uk1). ... (1)
o(KO=PulR)-Po(k1) ... .. (2)
Polky Vol SR o (3)

erlB=e.(B ¢ (k) +k, 8,5 .(4)

The control modulation Av, is:

1 - e--'Ber(k)
Ave(ky=k, R (k) T2 | (5}

Where k, and B are the main control gains,
selected by off-line simulation to minimize a
performance index [J,] with preselected scaling

action scaling if needed

R,(k)=\/ej +(r,2,)% + (Icpep)"Z .(6)
VolRY= vo(k-TyHAv(R) ... (7)
Inveise cosine contro! or voltage controlled

oscillator a-triggering circuit can be used.

coSa(R=ka VolB) . ........(8)

and ofk) is typically limited between {(5° 170%
(safe operating zome for industrial thyristor
rectifier)

The selection of the nonlinear tansigimoid
control activation block parameters ko, B} is very
crucial for satisfactory dynamic operation and is
also is reference-speed trajectory dependent.
Different off-line or a slow on-line minimization
algorithm can be a utilized for performance index
J-minimization as follows: define J as the error-
index time scaled function:




Ns z s
a JI= Z]Re (r’c)l (%, is utilized in this paper) d.J= i [kT:ew (k)]
N::i 2 k;L
b. 1= 3 KT, 8 e I,
k=l k=1

c. J= i (eX(k)+e : {3))

1

(ea () +e; ()]

7,

Ny = Lorgest, )

T

5

The settling count ¥s is defined by eqn. (9):
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Figure3:Full Matlab-Simulink motor drive mode

Where Ty, Is the largest mechanical motor
drive plus load time constant and T; is the confiol
selected sampling period.




Simulation Results

The Matlab/Simulink software was utilized to
design, test and validate the effectiveness of the
proposed self-adjusting (SAC) speed controller.
DC motor drive and control parameters are given
in the Appendix.

Figure4 depicts the dynamic response of the
motor drive and controller states to a complex
sinusoidal speed reference trajectory for a
quadratic (T,-vs-o,) mechanical load. Figure5
depicts the same dynamic response for a cyclical
speed reference trapezoidal trajectory.

The phase portraits and error states (e €p)
indicate the effectiveness of the proposed (SAC)
controller with fixed off-line selected control
parameters (K,, ff). However, for a complex speed
trajectory and mechanical load an On-line
controller parameter selection method of &k B)
maybe necessary using available optimization
tools, direct search methods, neural network
and/or genetic algorithms (GA).

Conclusions

The paper presents a novel self-adjusting
speed controller for industrial DC motor drives
using a dual industrial controlled rectifier
converter The error-driven, error-scaled two-loop
scheme comprises a speed error-driven toop and a
supplementary slow dynamic minimum motor
input power loop. The error hyper-plane

excursion vector magnitude IRel was also utilized

in the scaling control gain action at every time

step as well as for an off-line optimal control -

parameter (k,, B) search. This is achieved by
ercor-index (J,) minimization. The proposed self-
adjusting control (SAC) scheme ensures good
speed reference wspeed trajectory fracking and
power/energy efficient operation for large cyelical
mechanical load cycles
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Appendix

{a) motor
The following time domain dynamic
equations were used to simulate the PMDC
motor to be controlled.

di, R, Ki. V.
@ |_| L. I, [imJ_P L,
dw K, B, llw T,
2 I il il

Motor is rated 120KW, 600V »200A DC
Where;

Bm= Damping coefficient (0.6 Nms).

o = Angular motor speed (rad/s).

Jm= Inertia of rotor {4 kg m2).



Ky= EMF constant (5.12) determined by the

strength of excitation field and the number of

turns of armature winding.
K¢ = Torque constant, it is equal to Ky if the
proper units are used. )
Lm= Armature inductancs (250 mH).
Rm= Armature resistance ( 25 ohm).
(b} DC Filter:
L= 05 H.
Rf= .25 ohm.
Lent= L+ Lt
Rmt= Rm+ Ry

(¢} SAC Controller for sinusoidal Wyt CasE
This controller includes two loops:
* Speed loep: its parameters are: W, =120
rpm, y=1
+  Motor power loop: its parameters are:
Ppase=120000, Delay = 300 ms, Kp,=09
Tansigmoid: K, =20, B=3
“10<v, < 10
<a<170°
cosa=k,.v,
Ke=01, 1,=333 ms

(d) SAC Controlter for trapezoidal Weer Ca5€

This controller includes two loops:
* Speed loop: its parameters are; Wy, =120
rpm,y=07 _
* Motor power loop: its parameters are:
Pyae=120000, Delay = 300 ms, Kp =1
Tansigmoid: K, = 10, B=10
~10<y <10
P <a<17¢°
coso=k,.v,
Ke=01,T,=333ms

{2) Mechanical load: (T-vs-w gquadratic)

Tk 0n koo,
ko=200, k;=1.45, k,=.05

(f) Dual Bridge
vlI=600 volt, Delay T, = 20/6 ms, yxc=(2

ohm,
P <a<i7®



Figure 4a: Wref, W vs. time Figure 4b: vm,im vs. time
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Figute 4: Dynamic response of the motor drive for a cyclical speed reference sinusoidal variation
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2 T T

Wref, Wnu

-2

0 10 20
' fime (sec)
xFigure 4¢c: pm vs, time

2 .
10 20 30

-1
0

30

pri
—y

time {sec)

Figure 4f: ew,ep vs. time
0.5 r

e

ep

ew,ep
o

_05 i L
1 10 20
. time {sec)
Figure 4g: ep vs. ew

30

0.5

0.5

ew

Figure 4b: vm,im vs. time

1600
so0f /"
E im
£ 0
>
-500}
1000 - L
0 10 20 30
time {sec)
Figure 4d: int(vc),ve vs. time
10 v x
5
o
>
v 0
-10 . 2
0 10 20 30
time {sec)
Figure 4g: ep vs. pm
0.5 r r
T 0
_‘0”5 I i
-2 0 2 4
pm x10°
Figure 4h: d1 vs. ew
1 .
o
*g 05}
&
b
g 0f
o
-0.5
0.5 0 05

Figure 5: Dynamic response of the motor drive for a cyclical rapezoidal speed reference variation




