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ABSTRACT:

In this paper, a fuzzy logic control technique is applied to solve the undesired
undershoot that gets the process in special steel rolling mill out of control.
Because fuzzy logic controller results in steady state error due to load change
two control methods are proposed to improve the fuzzy controller performance.
The first method uses a fuzzy speed controller with a PI current controller and
the other method uses a hybrid fuzzy-PI controller.

The proposed Hybrid {uzzy-P1 controlier is applied to a rolling mill drives. This
technique can solve the common problems associated with rolling mill drives.
The entire drive systems are implemented using a high speed digital signal
processor (DSP). Experimental results validate the theoretically simulated
responses with different operating conditions.

1. INTRODUCTION:
The DC  motors have been used in mdustry as variable speed drives, and

provide high starting and torque which is required in some applications such as
rolling mills, and traction drives. The methods of control over a wide speed
range are simpler and cheaper than those of AC motors. There are different
methods for controlling the speed of the DC motor, the most popular methods
are armature voltage control and field control [1-4].
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Today, many drive systems employ a conventional controlier. This controller
works well but only under a specific set'of known system parameters and load
conditions. However, deviations of the system parameters or load conditions
from the known values deteriorate the performance of the closed loop system,
resulting in larger overshoots and undershoots, longer rise and settling times,
and possibly even, an unstable system [5-6). It 'should be noted that the other
parameters such as the system.inertia and damping ratio might vary over a wide
range due to changes in load conditions {7-9]. In Order to achieve a desired
performance, a fuzzy logic control is employed [10-15].

In this paper, fuzzy logic controller is used instead of the PI controller to
overcome the undesired undershoots coming from load impact at some
abnormal conditions. Therefore, the process in special steel rolling mills is
disturbed causing save the wasted time and money. As the fuzzy logic controller

has a steady state error, two methods are proposed and implemented to recover

this steady state error. The first method uses a hybrid Fuzzy-PI control: The
second method uses a fuzzy speed controller with PI current controller. A
complete circuit for the system under consideration has been constructed. The
proposed controllers are implemented using a high speed DSP in order to verify
the robustness of these controliers.

2. ROLLING MILL PRINCIPLES: _

The concept of the rolling mill is based on keeping constant quantity of steel
material flow independent of the cross section of the steel bar. The process 1s to
reduce the dimension of a bar or billet from high-dimensional cross section to
low-dimensional cross section as shown in Fig.(1a) Basically, rolling line
consists of several rolling machines working sequentially. Each roll speed is
controlled by converter driven motor. All converters are connected together to a
common PLC through high-speed communication link to distribute the speed
reference individually to cach drive. The speed reference to each drive is
calculated according to the process control requirements.

The rolling process is controlled by series of converters connected to a common
master PLC which is responsible to produce speed reference, The speed of two
adjacent motors is controlled so that the tension of the steel bar, which is being
rolled, is maintained low and constant within small hysterisis band. To
understand this concept, suppose that the steel bar is under the first rolling
machine. The torque required to reduce its diameter is memorized. When the
steel bar hits the next rolling machine, the torque of the first motor will be
reduced and the material will have positive tension and vice versa. The process

controller will detect this torque variation and consequently changes the speed

of the first motor to return its torque to the memorized value. Then, the torque
of the second motor is memorized to control the relative speed with the third
motor when the steel bar reaches there. This method is implemented when the
steel bar has low speed and high cross section. When the steel bar is processed
at high speed with small cross section, the method of regulating the tension is
altered to loop position control. The loop position control method is shown in

Figure (1b). The loop position control is based on automatic measurements of

the excess material formed between two adjacent stands. The excess material is”
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" guided to form a loop on a looper table, which is located between each adjacent

stands. The loop position provides a direct indication of the tension or the
compression content in the steel bar. The process controller calculates the speed
reference to the upstream motor to control the loop height according to the
required toop height reference. The speed of two adjacent stands motors is thus
automatically corrected according to the variation of the measured loop height,
so, during load impact, the motor speed will be decreased and therefore, the
height of the loop will be increased. At this moment the PI controller will
regulate the motor speed by a way that the loop height must be controlled in its
hysteresis band. If the load is increased due to any change process conditions
such as reduction of the rolled material temperature, the motor speed will be
reduced more, and therefore, the loop height will be out of control and the
process will be stopped. In this paper, fuzzy logic technique is implemented to
solve this problem.

Scanner

Hysteresis band

(a) Rolling mill line (b) Loop position hysteresis band
Fig. (1) Basic of Rolling Mill

3. DESCRIPTION AND MODELING OF THE SYSTEM

To study the problem in special steel rolling mills, the paper investigates the
speed control of a separately excited DC motor as it is used in rolling mills, and
the load will be a separately excited DC generator. A complete system modeling
is developed to study the DC motor performance.

Figure(2) shows the power circuit configuration of the DC dnve system under
consideration. The circuit comiprises two stages. In the first stage, an
uncontrolled bridge rectifier is employed to unify the direction of the load
voltage and the current. In the second stage a controlled IGBT power switch,
operating in the chopping mode, is used to vary the amplitude of the average
output voltage. Uniform pulse width modulation (UPWM) control strategy is

used for this purpose.

3.1. Modes of operation:
The control of the duty cycle of the chopper leads to the control of the armature

voltage and consequently motor speed will be controlled. This duty cycle period
is T where (T = Toy + Tom), Ton is the switching on period, and T is the
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* switching off period: Over each duty cycle period, there exist two patterns of N
conduction: Pattern I and pattern II , corresponding, respectively, to ‘the on-and
off states of the IGBT power switch as follows
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Fig. (2) Schematic diagram for the DSP-based control of DC motor drive

A. Pattern I: Forced Current Transition { Mode 1)

This corresponds to the ","'late periods of the chopping switch, where the: r@;ﬁﬁed
su ply voltage appears across the terminals of the load (armatiire) circuit throﬂg"{-ﬂ
#filter circuit and forcing the current to flow from the supply into the armature
circuit. The differential equations describing this mode are written as follows:
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Where L1, L, are the filter and motor inductance, i, iy are the filter and the ‘%
motor current, 1y, T, are the filter and motor resistance, vs, vy, are the supply and I
motor voltage, T is the load torque, J is the moment of inertia, k, is the back
emf constant, B is the friction. C, is the filter capacitance, @y, is the motor speed ‘
in rad/sec, ¥; is RMS line supply voltage, and X is a parameter required to L

select the appropriate line voltage over the required period 0 <wr <27 . It is

given as follows:
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Where m is the m th chopping cycle

B. Pattern 11 : Current Freewheeling ( Mode 2 )

This pattern ‘corresponds to the off-state of the chopping switch, where the load
circuit is isolated from the supply, so, the current decays through the
freewheeling diode. The differential equations describing this mode are given as

follows:

di
,(i =, —i,n, )
d
—=v, —i.r, ~ko 9
a(dt> Y =ity ~ k0, 9)
I 2=k, - B, -1, (10)
dV - .
Co( dtm)'—lf Im (]1)
i =0 (12)

The motor and filter parameters are given in the Appendix.

4. IMPROVEMENT OF FUZZY LOGIC SPEED CONTROLLER:

The fuzzy controller is able to overcome the disadvantages of conventional PI
controller. It is sensitive less to inertia variation and give good results for load
excursions[10]. Thus the main problems with classical P1 controllers are tuning
and robustness in case of changes in system conditions[15].

The disadvantages of fuzzy logic speed control occur under some operating
conditions with high load disturbance or high speed reference step changes.
Also, there are an oscillatory performance and steady state error. Broadly
speaking, conventional fuzzy logic control has a weak point, that it causes
steady state error. A number of methods to eliminate the previous disadvantages
have been presented. In reference [12], the method which is used to recover the
steady state error by regulating the quantization scaling factor and the output
scaling factor according to the operating condition, thus the chattering

phenomena in the steady state is reduced.
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" Although, there are several methods of compensation, the lookup table method

is suggested [13]. The compensation method might cause instability in the
system operation if over compensation occurs or stuggish response if under
compensation takes place. In reference (14), an efficient algorithm for
representing fuzzy sets in real time implementation is suggested.

In the following paragraph, two proposed methods are designed and
implemented in the laboratory to obtain high performance DC motor speed
control. Also, gives the solution for the problems of using fuzzy speed control
only. These methods are:

1- Using Fuzzy logic speed controller with PI current controller.

2- Hybrid Fuzzy-PI speed controller.

4.1. Fuzzy Logic Speed Controller with PI Current Controller:

The use of fuzzy logic speed controller gives steady state error. The use of a
fuzzy logic speed controller with a PI current controller gives a high
performance for the system under consideration. The block diagram. of the
closed loop fuzzy speed controller with PI current controller is shown in Fig.
() '

3 phase supply

Wy

DSP board (ds1102)
TMS320C3! and TMS320P14

________________________________________________________________

Fig.(3) The Block diagram of the closed loop fuzzy logic speed controller with
PI current controller '

4.1.1. Motor Run up:

Figure (4) shows the simulation and experimental waveforms of the supply
current, the supply voltage, the motor current, the motor voltage and the motor
speed during run up with 0.4 of rated load torque and ®r 1350 rpm. The Figure
shows that the run up time for the system with fuzzy logic speed controller with
PI current controller takes 500 m.sec. - :
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Fig.(4) Simulation and Experimental Results during run up interval for 0.4 of
rated load torque and w.r=1350 rpm

4.1.2. Step Change of speed reference

Figure (5) shows the simulation and experimental responses of the motor speed
and the motor current due to step up change in speed reference from 1000 rpm
to 1500 rpm with 0.4 of a rated load torque. It is observed that the motor speed
can follow the desired speed reference and it is settled after 500 ms with this
high step up:in speed reference. Figure (6) shows the same résponses with a step
down change in speed reference from 1500 rpm to 1000 rpm. It is observed that
the steady state speed error did not observed.

WR Mo

}
I
} 15
150 - t
BT
‘é‘ . ] 3 :é-_‘ .. -
o i 9
= - 5% M
50 — - ) )
o : 5 i 0
Time {sec) : Time {sec}

{a) Simulation

48



iMo
_ - e o ey e < e e J— e .- — —
31.5 | ! i ; 1 .
a3 i i i [ ! !
5 . DT [ By RN L .
2y { : —/——-.__.; i .
[3] E’ i G i ;
g | ; 3 ﬂ
=0 d : - o { I O I L R
(- 0 '_ ' . e . Time(sec) _10]
WR '
200 - - — . e f
= i 5 | { \ :
ST : [.. e ‘ I . ; i
s . : i ; 7 : . I : i
o E : 1 i i / i : ¢ :
[ i ! I_ : . N ! O SO e
5B | i ] : i N H :
e u H H H ! H
we : M H f T - 4
. R A T Tt T T
i J N VR O N S OO S £
o 5 e e e _  Time(seo) 1

]
|
|
P

Motor Speed /10
(rpm)

150

(Amp)

Moter Current

50 - g T ~

Time {sac) i

(a) Simulation

-
-

o
W

(=3
o

Time (set)

IMo

1.5 v
1] :
5 :'
o e R
] 1
53 |
OE | 1 { ;
M= — ; —
8 ! f
i ;
Q ' ) '
0 - T T - T T — T T T T 16
ﬁ bf _ } Tj:me (sgc} i '
WR
200 7 [ o ‘
2 | L
°o _ 1 - dee Yo e
5 '3 . f ! : \ : H ]
v | f ! : i | ! :
i 4 e \ .‘ g
& g g t : ! ! -
& i ; AU .
T et f |
ol : ,
=% i b
[ e e .._...:.__.,,‘...M:{F... [ S el ; - 1d ,

(b) Experimental
Fig. (6) Variation of the motor speed and the current due to step down change in
speed reference
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4.1.3. Load Change:

Figure (7) shows the experimental results for the motor speed and the motor
current due to the step up and down load change. The load changes are +25%
from the existing load. The Figure shows that the undershoot during applying
load is about 3 rpm and the motor speed has returned to its initial value which in

turn confirms the validity of the system. Also, the motor speed and the motor -

current are smooth and the steady state error did not appear due to the presence
of the PI current controller.
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Figure (8) shows the simulation and experimental results for the motor speed
and the motor current due to the step up and down load change from light load
to a half load. The Figure shows that the undershoot due to this high impact load
is about 7 rpm and the motor speed has returned to its initial value, also, the
motor speed and current are smooth.
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4.2. The Proposed Hybrid Fuzzy Logic-¥'L Lontroller:
The design and testing of a hybrid fuzzy control scheme for a high performance
separately excited DC motor drive are presented. Both the design of the fuzzy
controller and its integration with the PI controller in a global contro! scheme
are proposed. The principle of the proposed control scheme is to use a fuzzy
controller, which performs satisfactorily in most operation cases, while keeping
in the background, the PI controller, which is ready to take over the fuzzy
- controller when steady state error occurs. Performance of the hybrid fuzzy-P1
controller is evaluated through a laboratory implementation. Simulation and
experimental results have shown excellent tracking performance of the hybrid
control system and demonstrated the usefulness of the hybrid fuzzy controiler in
a high performance drive with uncertainties. The schematic diagram for hybrid
fuzzy logic control s shown in Fig.(9).
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Fig. (9) Hybrid Fuzzy-PI controller scheme

4.2.1. Switching Control Strategy:

The objective of the hybrid controller is to utilize the best attributes of the PI
and fuzzy controllers to provide a controller, which will produce better response
than either the Pl or the fuzzy controller. The switching between the two
controllers needs a reliable basis for determining which controller would be
more effective. The answer could be derived by looking at the advantages of
each controller. To take the advantages of rapid response of the fuzzy control,
one needs to keep the system responding under the fuzzy controller for a
majority of the time, and use the PI only at the steady state error. Thus, after
designing the best stand-alone Pl and fuzzy controllers, one needs to develop a
mechanism for switching from the fuzzy to the PI controller, based on the
following condition: Switch to PI when steady state error is detected, the
switching strategy is then simply based on the following condition:

IF the system has steady state error THEN PI controller is activated,




otherwise fuzzy controller is operated.

To detect the steady state error one has to observe the system over an extended
period of time, which does not lend itself to instantaneous detection. In practice,
the error usually fluctuates due to noise and other effects, and therefore, may
never remain constant. Consequently, a threshold region is introduced for the
error. This reduces undesirable switching between the two controllers.
Furthermore, there is no need to smooth the transitions from fuzzy to PI as the
error is so small the output of the PI will be small.

4.2.2. Simulation and Experimental Results For The Hybrid Fuzzy-PI
Controller:

After designing the best stand-alone PI and Fuzzy controllers, the effectiveness
of combining the two controllers to produce a hybrid design is demonstrated.
The selection of the gains of the PI controller are obtained for different
operation regions. To display the capability of the proposed hybrid controller,
the performance of both the fuzzy controller and its integration with the PI
controller is given using simulation and experimental techniques. Figure (10)
shows the speed and current trajectory using the switching control strategy for
@rer = 1350 rpm. The results of the switching control strategy are favorable.
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Fig. (10) The motor responses for the hybrid control with ®rer =1350 rpm

Figure (11) shows the same results with wer = 2050 rpm. It is seen that the
hybrid fuzzy-P1 controller has shown very good performance as it eliminates the
undesired steady state error that can’t be accepted by some applications.
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5. CONCLUSION:

The simulation and experimental behavior for dypamic and steady state
performance of a separately-exited DC motor fed from an UPWM converter
through a power switch and controlled by fuzzy speed controller techniques are
presented.

The results show that a steady state error due to load change appears with the
fuzzy logic controller. So, the use of fuzzy speed controller with PI current
controller or hybrid fuzzy-PI controller can solve this problem. Applying the
proposed hybrid fuzzy-P1 controller for rolling mill drive enable solving the
problem of undershoots during impact loads. The system is using uniform pulse
width modulation. A digital signal processor based DS1102 has been
successfully used for on-line control of the separately excited DC motor drive.

The experimental results ensured the robustness of both the hybrid fuzzy-PI -

controller and the fuzzy speed controller with PI current controller.

54



6. REFERENCES: o =
{11 S. A Hamed, “Performance evaluation of three-phase variable speed DC"

drive systems with uniform PWM control,” IEEE Trans. on Power
Electronics, Vol. 12, No. 2, pp. 282-292, March 1997.

[2] B. K. Bose, “Intelligent Control and Estimation in Power’ Electromcs and
Drives,” IEEE International Conference on Electric Machlnes and Dr1vcs
pp.1-6, 1997. .

[3] A. Khoei, K. Hadidi and S. Yuvarajan, “Fuzzy—loglc DC—Motor Controlier'
with Improved Performance,” Third IAS Annual Meeting Industry
Applications Conference, Vol. 3, pp. 1652-1656, 1998.

[4] Z. Alexei and H. Sandor, “Robust Speed Fuzzy Logic Controller for DC
drive,” IEEE International Conference on Intelligent Engineering

. Systems(INES’97), pp. 385-389, 1997.

(5] F. L. Ahmed, A. A. Mahfouz and M. M. Ibrahim, “A Novel Fuzzy Controller
for DC Motor Drives,” Ninth International Conference on Electrical
Machines and Drives, pp. 325-328, 1999. '

[6] P. I. Costa Branco, J. A. Dente, “An Experiment in Automatic Modeling an
Electrical Drives System Using Fuzzy Logic,” IEEE Trans. on Syst. Man
Cybern., Vol. 28, No. 2, pp. 254-262, May 1998.

[7]1 A. El Zawawi, and W. A. Maher, “A Fuzzy Compensated Microcomputer
Based DC Drive,” IECON’99, Vol. 1, pp. 412-417, 1999.

[8] B. R. Lin, “Analysis of Neural and Fuzzy-Power Electronic Control,” IEE
Conference on Since, Measurement and Technology, Vol. 1, pp. 25-33,
1997.

[9] N. Barsoum, “Artificial Neuron Controller for DC Drive,” IEEE Power
Engineering Society Winter Meeting, Vol. 1, pp. 398-402, 2000.

[10] F. I. Ahmed, A. M. El-Tobshy, A. M. Mahfouz, and M. M. Ibrahim, “(I-P)
Adaptive Controller for DC Motor Drives: A Hardware and Software
Approach,” International Conference on Contrel, Vol. 2, pp. 1146-1150,
1998.

[11] A, F. Stronach and P. Vas, “Design, DSP Imiplementation, and Performance
of Artificial-Intelligence-based Speed Estimators for Electromechanical
Drives,” IEE Proceedings Control Theory and Applications, Vol. 2, pp.
197-203, March 1998.

[12] E. Ozdemir, A. Ural, N. Abut, E. Karakas, E. Olcer and B. Karagoz,
“Design of Fuzzy Logic Controller for DC-DC Converter Fed Traction
Motor drives,” IEEE International Symposium on Intelligent Control, pp.
343-348, 1997.

[13] C. M. Lim, B. K. Chua, B. J. Tan and S. Y. Lai, “Experimental Results on
a Supervised Fuzzy Logic Control Scheme for a DC Motor,” IEEE
International Fuzzy Systems Conference, Vol. 3, pp. 1718-1722, 1999.

[14] F. Cupertino, A. Lattanzi and L. Salvatore, “A New Fuzzy Logic-Based
Controller Design Method for DC and AC Impressed-Voltage Drives,”
IEEE Transactions on Power Electronics, Vol. 6, pp. 974-982, Nov. 2000.

f15] K. Euntai, H. Lee and M. Park, “Fuzzy Control of a Direct Current Motor
System With the Guaranteed Stability,” [EEE SMC’99 International
Conference on Fuzzy Systems, Vol. 3, pp. 1734-1737, 1999.

-



APPENDIX:

- The motor is a separately excited DC motor 220 volt, 1.9 Ampere 1/3 HP. And
has the following parameters:

R;=10.5 ohm L,=0.113 H

K, =0.3478 v/rad/sec. B =0.00012 Nm/rad/sec
J =0.000625 Kg.m®

Filter parameters:

Ry =2.00hm, L. =0.099H, C,=0.00012 Farad.
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