MICROCOMPUTER-BASED HYSTERESIS SPEED
CONTROL OF THREE-PHASE INDUCTION MOTOR

Ashraf ZEIN EL-DIN
Department of Electrical Engineering, Faculty of Engineering, Shebin El-Kom, Egypt,
Tel. (002048)221549, Fax.: (002048) 235695, e-mail: IN%"SHEBIN@FRCU.EUN.EG"

Abstract

In this paper, a microcomputer-based hysteresis speed control of a three-phase induction
motor is proposed. Combination of a phase control and an integral cycle control is adopted
to provide a switching pattern for controlling MOSFET's converter. Each MOSFET switch
is connected in parallel with a single-phase diode bridge which is connected in series with
each motor phase. To achieve the desired speed, a hysteresis controller is used to control the
switching pattern. Experimental set-up has been implemented to verify the proposed control
scheme. Simulation and experimental results are compared to show the effectiveness of the
proposed method of control.
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1. Introduction

The rapid growth in microelectronics and power electronics technologies has
introduced various advanced control methods for AC motors. Such methods have
been successfully implemented in real time and shown to be useful in controlling
induction motors with high dynamic performance[1,2]. Speed control is an
integration technology of control theory, power electronics, and microcomputer to
achieve a precision speed control [3]. Traditionally, AC induction. motor,
particularly the cage type, has been the workhorse in industry because of its
raggedness, reliability, efficiency, and low cost. Although induction machines are
simple, their control is complex due to their nonlinear multivariable dynamic
behavior. The complexity increases as higher performances are demanded. Many
different control techniques of varying degrees of complexity have appeared in the
evolution of induction motors. With the advent of microelectronics and
microcomputers, field vector control techniques are now being accepted almost
universally for control of induction servo motors. Inverter-fed induction motors
controlled by field vector control strategy - are replacing dc motors in many
applications where fast response is required(4,5]. In most reported methods of
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motion control, the disadvantage of high cost is a common feature. The design of
microprocessor-controlled  power-electronic  equipment will in the future
continually emphasize the shift from hardware to software design, as more
powerful  microprocessors become available[6,7]. The present production of
microprocessor devices and their quick development, combined with the
continuous reduction of their computing times, make now possible a widespread
use of fully digitalized controls for the solution of a lot of control problems in
electric drives [8]. Ac phase-controlled switching is used for the speed control of
three-phase  induction motor, but it introduces large high-order harmonics.
Alternatively, an integral-cycle method is also available, but it introduces sub-
harmonics in the line, and the output voltage is adjustable in steps only. To .
mitigate these situations, a hysteresis controlied switching technique is proposed.
The voltage control is done by a combination of the phase control and the integral-
cycle switching. Conventional voltage controllers, including ac regulators, offer a
very limited speed control range.

The paper introduces a novel low cost scheme for hysteresis control of voltage fed
induction motor (ON/OFF control). The new scheme utilizes only three controlled
MOSFETs switches and three capacitors. The triggering circuit of the MOSFETs
gates are designed using low rating electronic components. A feed-back on-line
closed loop speed control system is described.

2.System description and principle of operation

A schematic diagram of the proposed system is shown in Fig.1. It is composed of a
power eclectronic converter of three switching legs and the controller. Each
converter leg consists of one MOSFET transistor, a single-phase diode bridge and
an R-C circuit. The stator windings of the motor are connected to the ac source
through the three switching legs. The speed controller receives the error signal
between the preset speed (reference speed) and the actual measured speed of the
motor shaft, then transfers it to the microcomputer through an Analog/Digital
(A/D) converter. The controller is intrefaced to the power converter through a
three-channel gate drive circuit. Each channel consists, as shown in Fig. 2, of an
optocoupler isolator and open buffer gates to deliver the control signales to the
MOSFET. The input signals to the gate drive circuit are obtained from the
microcomputer output port to give the speed control action according to the input
error signal. An assembly program is designed and written for the microcomputer
to apply the hysteresis method and the ON/OFF control. The microcomputer
controls the switching process according to the following conditions:

If error signal > zero, the MOSFETs are ON
If error signal < zero, the MOSFETs are OFF (1)
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3. Motor mathematical m_odcl

Neglecting core losses, saturation effects, and space harmonics, the voltage
balance equations for a three-phase motor are [9]
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In matrix notation, the relation between the phase flux linkages and the phase
currents may be expressed as:

y=[L]i : 3)
where
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and
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Instantaneous torque and speed equations are given by
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and the mechanical torque equation of the motor and load is given by
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In solving the above differential equations, the Runge-Kutta method has been employed.

4. Microcomputer-based controller

A microcomputer-based controller [10] is composed of microprocessor 8088-based
programmable digital controller (MCU). Its detailed circuit schematics is shown in Fig.3. It
consists of central processing unit (CPU), which includes the 8088 microprocessor, 8087
numerical data processor (co-processor), 16K dual-port RAM, 16K EPROM, 8254
programmable interval timer (PIT), and 8259 programmable interrupt controller (PIC). The
other is named input/output (/O) unit which may include programmable digital /O
controller, programmable duty-cycle controller, A/D, D/A, etc. In the proposed system, the
analog error signal between the reference motor speed and actual motor speed is transferred
to digital value through A/D channel 1, and store the value in memory location of RAM.
The comparator is used to compare the error signal with the zero according to hysteresis
control technique, then generates three pulses from output port to be deliver to the gates of
MOSFETs through driving circuits. A system controller, which: resides on a 16-bit
microcomputer, provides task coordination, external interfaces, motion profile control,
parameter tuning, and signal recording, and can also be used to monitor the operational
status of individual processors.
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5. Modelling and simulation Results

The system model provides information about transient changes in the main variables under
the influence of the switching device modulation scheme. The control problem can be
integrated to find the duration of the ON and OFF states for converter switches so that the
given dynamic specifications of the closed-loop system are satisfied. The block scheme of a
proposed system is shown in Fig.1. The speed command (reference speed) is compared with
the actual speed, the error signal is transferred through A/D circuit to the microcomputer.
According to the hysteresis controller algorithm, and a machine language program built in
the EPROM interfaced to the CPU of a microcomputer, the output pulses from the

microcomputer port are delivered to the gates of MOSFETs ON or OFF depending on the
value of the error signal.

5.1 During ON period of MOSFETs

To prove the effectiveness of the proposed method, the digital simulation is implemented. A
computer program has been constructed for solving Egs. 1-9 using the 4th order Runge-
Kutta of numerical method with a step of 100 psec. Electrical power is transferred through
MOSFETSs to the stator windings of three-phase induction motor.

5.2 During OFF period of MOSFETSs
The induced terminal voltage V(t) at the motor terminals can be found [9] as
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where Vc : initial voltage across the effective capacitor,

R S Sl V)
i< lwhfz-
L; magnetizing inductance
R' : stator resistance minus slope of the magnetization curve in the linear region. Also a

series resistance is connected in series with a capacitor C in order to keep R positive and
hence V(t) will be decaying.

5.3 Computed results

Closed-loop system dynamic behaviour is examined through digital simulation with a
developed FORTRAN77 program on a pentium 233 PC. It provides a simple method of
representing non-linear time differential equations on a digital computer, simulating the
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starting of a light loaded induction motor fed from three converters, each of them consists
of one MOSFET, single-phase bridge and R-C branch. With a command speed {reference
speed) = 1400 r.p.m., transientand steady state response of motor phase current, terminal
phase voltage, speed, supply voltage and current are shown in Figs. 4,6. During starting
process, all MOSFETs are in the ON period mode, the motor speed reaches a desired
reference speed, then the OFF period of MOSFETS starts, the capacitor voltage is increased,
and motor terminal voltage is decreased, then restarting the ON period of the MOSFETs
and so on untill motor speed reaches steady state operation mode. By using R-C connected
in parallel with MOSFETs, the spikes of motor current and voltage are decreased, and they
may be used for MOSFETs protection. Figure 8 shows the transient response of motor
speed loaded with light load is stepped-up by 20%. So, the simulation results verify that the
proposed controller is accurate and has a fast response. Also, the response time is about
200 m.sec. to reach final speed.

6. Experimental results

To verify the validity of the simulated results given in section 5 as well as the effectiveness
of the proposed control strategy, an experimental system is implemented as shown in Fig.1,
a squirrel-cage induction motor has been chosen whose data are listed in table 1

Table1 Data of the induction motor

Nameplate data Nominal parameters
220 v, 50 Hz Lss 04671 H.
3-phase Lr 04671 H.
star connected Lsm 0.23155H.
4 poles Lm 0.23155H.
0.75 HP Msr 0.42887 H.
rated speed 1450r.p.m. R1 19 ohm
rated current 1.2 Amp. R2 10 ohm
K 0.0001 kg.m%¥s
J 0.004 kg.m?

The hardware setup consists of a microcomputer based on microprocessor 8088, 12-bits
A/D, 12-bits D/A, three MOSFETSs with type IRFP740, three phase auto-transformer, three
uncontrolled single phase bridge, and three R-C circuits. The microcomputer-based control
system designed for the induction system is shown in Fig.l, the control algorithm is

implemented on an EPROM interfaced to the CPU of a microcomputer. The proposed
control scheme was executed every 0.5 m.sec. The neutral line is connected between the
neutral point of the stator windings of the motor and the secondary winding of the

transformer. The error signal between command speed and actual motor speed is transferred
through 12-bit A/D converter, the generated pulses to MOSFETs are processed from output
port depending upon the error signal and hysteresis control. The R-C circuit is connected
across drain-source of each MOSFET with R=47.5 ohm and C=0.2 uF. Figure 5 shows the
transient response of motor phase current, voltage, speed, supply phase voltage and current
for reference speed = 1400 r.p.m. and motor with light load. The steady state response of
motor phase voltage and current is shown in Fig.7. which shows a good performance of
motor speed. It can be seen that the experimental results are nearly as the simulation results,
the capacitor is used for smoothing the variation of motor terminal voltage and current
during the case variation between MOSFET ON state and MOSFET OFF state. As motor
load is stepped up by 20% , a motor speed performance at input supply voltage = 110 volt.
is shown in Fig.9. Also, the performance of motor during transient and steady state
conditions is shown in Fig.10, for reference speed = 1000 r.p.m. In which, it'can be noted
that the proposed controller is an effective tool to achieve the desired motor speed. Also, a
study of the performance of the motor during one phase open fault at a reference speed =
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1400 r.p.m. is shown in Fig.11., motor speed is almost constant, this means that the
proposed controller is fast response to achieve the desired speed. As, the reference speed is
changed up or down from a certain value to another one then returned back to its initial
value, the motor speed follows the reference speed as shown in Fig. 12. Finally, a motor
speed is achieved smoothly as the required command speed with a simplified and low cost
control arrangement. It can be seen that the motor phase voltage and current are nearly
decreasing smoothly during OFF period of MOSFETs, and the motor speed is nearly
constant if all supply ac phases voltage are connected to the motor or a fault is occurred of
one of them but the other two supply ac phases delivers an ac power to the motor. Also, It
can be control the motor speed from a zero value to a nominal motor speed value.

7. Conclusion

The paper proposes a simple and an effective speed control method for the three-phase
induction motor. The proposed system uses only three MOSFETs, each of them is
connected in series with each stator phase winding of the induction motor. A
microcomputer is used as a controller to turn on or off the MOSFETs according to the
hysteresis control technique. Three R-C branches are used, each of them is connected in
parallel with the drain-source of a MOSFET. This is useful for two purposes, first for
protection against dv/dt across the MOSFET and second to reject voltage spikes and
smooth the motor current. An experiment set-up has been implemented to verify the
proposed control scheme. Simulation and experimental results are compared and found to
be in good agreement. These results show the effectiveness of the proposed control scheme
and the feasibility of control algorithm by using a microcomputer. The proposed scheme
uses minimum switching elements and has the advantages of robustness, effectiveness and
offers many features which are attractive for speed control of induction motor drive
applications. The proposed controller is suitable of a fan load and other loads with the same
fan load characteristics.

Symbols

a,b,c: first, second,and third phases of three-phase system
D1,G1,S1: drain, gate and source of MOSFET 1

D2,G2,82: drain, gate and source of MOSFET 2

D3,G3,S3: drain, gate and source of MOSFET.3

K: inertia constant, seconds.

i: instantaneous current

J: inertia of motor and connected load

Lgs, Lir: self-inductances of three-phase stator and rotor circuits, respectively.
Lgm: mutual inductance between stator phases

Lym: mutual inductance between rotor phases

Mgr: mutual inductance between three-phase stator and rotor circuits
p: differential operator, d/dt

P: number of poles

s, r: suffixed denoting stator and rotor, respectively

r: resistance

s instantaneous flux linkage

©: electrical angle denoting instantaneous rotor position, radians
®m: mechanical angle denoting instantaneous rotor position, radians
Te: electrically developed torque-

T: superscript denoting transpose of matrix

Tm: external load torque



N

1)

“ L ik

400 800 1200
Time (Mm.sec.)

-+

400 800 1200

Time (m.zec)

M otbr phase curent (amp.)

300

200

100

100

Motar phase votage (volt)

~200

-300

1400
= 1200
= 1000
= soo
[oh]
= 600
o
— 400
=2
[ }
£ =200
0 v . . .
200 400 600 800
Time {m.sec .}
(a) Transient response
—~"300
-t
2
a 200
L2
2 |
£ ““" ”
a»
B
= o |
o
o
S-100
=
=
“ 200}
-300 . v v
400 800 1200
Timae (Mm.sec.)
fc

N
T

-

N

400 800 1200 1600
Time (Mm.sec.)
(b) Steady state response
Fig4 Simulation results of 3-phase induction motor at Reference speed = 1400 r.p.m.

'
-

Supply phase currert (amp.)
0 o

@




8. References

[1] Dong-Il Kim, "Control of Induction Motors Via Singular Perturbation Technique and
Nonlinear feedback Control", IEEE, Trans. Ind. Appl., pp.910-914, 1990

[2] Manmohan Mittal, and N.U.Ahmed, "Time Domain Modelling and Digital Simulation
of Variable-Frequency AC Motor Speed Control Using PLL Technique", IEEE
Transactions on Industry applications, vol. 1A-19, No.2, pp.174-180, March/April 1983
[3]Ying-Yu Tzou, "DSP-Based Robust Control of an AC Induction Servo Drive For Motion
control", IEEE Transactions on Control Systems Technology, vol.4, No.6, pp.614-625,
1996

[4]Ahmed F.Sakr, "Robust Control of AC Induction Servo Motors", MEPCON97,
Alexandria, Egypt, pp.87-91, Jan.4-6, 1997

[S]R.Subramanian, and C.Chellamuthu, "A microprocessor-based Full Voltage Starting of
Induction Motor with Switched Capacitor”, Electric Machines and Power Systems, 20:389-
403, 1992

[6]S.R.Bowes, M.L.Mech and M.J.Mount, "Microprocessor Control of PWM inverters",
IEE PROC.,vol.128, No.6, pp.293-305, November 1981

[7ICK..P. Luk, M.G. Jayne and D.Rees, "The Transputer control of Variable speed
Induction Motor Drives", EPE Conference, Firenze, Italy, pp.1_5741-1 579, 1991
[8]C.Attaianes, G.Manco and E.Pagano, "Philosophy of Use of Microprocessors for Digital
Control of Asynchronous Motors”, IEEE Industrial Electronics Conference MCECD'91,
Marseille, France, pp.A1-A9, 1-2 July, 1991

[9] Asish K. De Sarkar and Gunnar J. Berg, "Digital Simulation of Three-Phase Induction
Motors", IEEE Transactions on Power Apparatus and Systems, vol.PAS-89, No.6,
pp-1031-1037, July/August 1970.

[10}Barry B; Brey, "The intel microprocessor 8086/8088, 80186, 80286, 80386, and
80486", Maxwell Macmillan international edition, 1991.



1 S5.00V_ 2 100V £—0.00s 2002/ Sngl4fy STOP
- N . v b . . . .
: : : : T : : : :

i

B tctisteefeates

Ch.1 Motor phase current
Ch.2 Motor phase voltage

0. 005 20087 £1 STOP

B T A SN

(a) Transient response

Ch.1 Motor speed
Ch.2 Motor phase voltage

i 100V 2 200¢ £0.00s 184%2/ _£1 STOP
. . . . Y . N .

{b) Steady state response

Ch.1 Supply phase voltage
Ch.2 Supply phase current

Fig.5 Experimental results of 3-phase induction motor at Reference speed = 1400 r.p.m

10



300 4

b
m]
m]
13

0
=]
I

[n]

Motor phase voltage {wlt)
o
0
I

-200 |

HH

400 =00 1200 1800

Time (Mm.sec.)

-300

W

[
T

-

Q

-

400 800 1200 1600

Time (mMm.sec.)
Fig.6 Steady state of Motor phase voltage and current at reference speed = 1400 r.p.m.
(Simulation results)

]
-t

Motor phase cument (amp.)
o

@

{1 100V 2 2.00V +0.00s 1847/ £1 STOP

Fig.7 Steady state of Motor phase voltage (Ch.1) and current (Ch.2) at reference speed=
1400r.p.m. ( Experimental results)

11



™t

o) o
e o)
o Q
¥ Ll

Motar speed (r.
oyl
o=
o

400L

500 1000 1500
Time (m .sec.))
Fig.8 Motor speed during step change in load torque by 20% (Simulation results)

0

2 j1.00v £0.005 3008/ Snglfd STOP

Fig.9 Motor speed during step change in load torque by 20% (Experimental results)

12



15.00y 2 100v 8003 2008/ Snglf1 STOP

Ch.1 Motor phase current

Ch.2 Motor phase voltage
— 8002 2002/ Snglfl STOP

Motor speed
1 11.00V 2 100v 3 SY —8007% 2002/ Sngl£1 STOP

A, M VY A AL
Mrasanat WMrwnvrn AN ¥ . vewe At Y

A

Ch.1 Motor speed Ch.2 Motor phase voltage Ch.3 Motor phase curreit

1 200V 2 5.00v s-800% 1002/ £1 S10P

Ch.1 Supply phase voltage ~ Ch.2 Supply phase current
Fig.10 Motor performance at reference speed = 1000 r.p.m. and
supply phase voltage =110 volt. (Experimental results)

13



LZOO\Q' 2 S5.00V 8002 2003/ sSngl STOP

Ch.1 Supply phase voltage Ch.2 Supply phase current in other connected phase

1 120.0V 2 200V 3 Sv £0.00s 400%~ £1 S10P
f B T Y T T . s

+ : :

i

....... U SO SO SRR

Ch.1 Motor speed  Ch.2 supply phase voltage Ch.3 Supply phase voltage in fault phase

1 200V 2 5.00v 3 5v 4 %V (—0.00s5 1002/ £4 STOP

‘\d\‘w\l * x‘

SR S

(a) Steady state responsc

Ch.1 Motor phase voltage  Ch.2, Ch.3 and Ch.4 Molor phases currents
1 200V 2 5S.00v_3 5V 4 5v (— 1.84s S00%/ Snglfi STOP

(b) Transient response
Ch.1 Motor phase voltage Ch.2, Ch.3 and Ch.4 Motor phases currents

Fig. 11 Experimental results at reference speed = 1400 r.p.m. and a supply phase Tault is
occurred

14



1 1.00v 2 1.00V

—0.00s

5002/ Sngls2 STOP

Ch.1 Reference (command) speed

Ch.2 Motor speed

1 1.00v_ 2 1.00V 4

—0.00s

5008/

Snglf2 STOP

Ch.1 Reference (command) speed
Ch.2 Motor speed
Fig.12 Transient response of motor speed (Experimental result)

15



Sy Sdll

Ol ) apal [ eviga Sy
40 giall Aaalas — 2 sSH iy Aanigl A4S — Ay oSl dnigh aud

Ladldl

o s e de pu (B pSaill - fide WLl Sl B gl
(3 gand a8 Ayl aladidy g 55 5005 Sl oty an Y
g sl e g 3 A 30 Jana Jal e (alS 5 oemn sl a8l
0o 43580 5 ki aa g ) 5l e g3l 5 JS dualy Cus MOSFETSs
bosa dal e vl oad da ol ae (Nl e Al 350 Aay
EDLAN Ay ay (Agsthdl) saaad) Aol Lide o ol de
+ Hysteresis control 48 ylal (88 g <}  giuw 33 5
a5 el e yu) 7 el Uil Eland) 2 Jd 3
ddlise Jedi s ade (Gl v oy @y sl da Y o jeSliagal
e o3 o o el pllaill (5 sl Jbatll gedd gy a5 vl paall
Gk an gy Ll Ulian 3 Aglenal) i) e (5l (sl o
£ Akl ALl s 4oy vAy il A el il o S s Y
v 3 5l 4 4 Jdetally s ey

-

16



