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Abstract

This paper presents the performance characteristiof a developed variable
frequency drive (VFD) adaptable for operation of asachines speed control. The VFD
developed is robust, durable, cheap and have lowinte®mance cost compared to
conventional VFDs. The controlled asynchronous acotar was operated to drive
another self - excited induction motor (SEIM) at pgr synchronous speed to generate
electricity, a phenomenon of the non constant - egeobtainable in hydro schemes. The
drive converts input ac mains to dc followed by tic ac conversion at any desired
frequency from 20HZ-65HZ in this case. A diode fullave bridge rectifier is used to
effect ac to dc conversion, while MOSFET invertes uised to convert the dc to ac. An
SG3524 voltage pulse width modulation IC was usegbtoduce the gate pulses required
to drive the MOSFET inverter. Digital display of th VFD's output voltage and
frequency was actualised by means of the commondmseven segment displays by
ICL7107 which is a three and half digit analogue ttigital converter. The desired speed
control is achieved by varying the frequency of theltage supplied to the motor. The
model tested on load was found to work satisfadfowith its operational characteristics.

Keywords: Variable Frequency Drive, Desired Frequency, SpeEkt, Voltage, Current, Torque Control, PWM Inwaart

Nomenclature

A/D = Analogue to Digital

CCR = Current Control Inverter

EMF = Electromotive Force

IC = Integrated Circuit

IG = Induction Generator

IGBT = Insulated Gate Bipolar Transistor
MOSFET = Metallic Oxide Semiconductor Field Effdcansistor
MRASs = Model Reference Adaptive Schemes
PE = Persistent Excitation

PM = Prime Mover

PWM = Pulse-Width-Modulation

SEIG = Self-Excited Induction Generator
VDF = Variable Frequency Drive

List of symbols

dw
d_tf = instantaneous energy stored in the coupling field

P rrax = magnetic flux density, weber

W =0~ _he slip angular speed, rpm
W =the (electrical) rotor speed, rpm

W = the stator magnetic field frequency, Hz
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E = the supply voltage, volts

E, =back induced electromagnetic force, volts

f, f, = supply frequency, and output frequency respelsti Hz
Kq = armature winding distribution factor

Ky = armature coil-pitch factor

L, =the magnetizing (mutual) inductance, henrys

L, =therotor inductance, henrys
Ls =the stator inductance, henrys
N = number of turns per phase

n, x = refer to the initial or nominal load cotdin(n) and new load condition(x) respectively
Nsyn = rotational speed or synchronous speed, rpm

P = number of poles
P. = instantaneous electrical power output, Kw
P, = instantaneous mechanical input power, horse power

R, or R= the rotor resistance, ohms
R, = the stator resistance, ohms
S = slip

T =torque, N-m

1. Introduction:

Most process lines and industrial applications iegapeed variation ranging from low speed to veigh speed. In
accomplishing this alternating current (ac) machiaee used in conjunction with controllers’ whidilmnges both the input
and output signals to the electromagnetic devioexchieve the speed variation. Very accurate metfi@dntrol entails the
use of measured “parametric values” under normdl teansient state conditions in the synchronoustating reference
frame [1]. In the application of very cheap, robusirable, easily available and low maintenancen@sypnous machines
which do not requires external source of maingtioexcitation in Pico/micro/mini hydro schemes mmeration of quality
and sustainable electricity for end users. The camrstant steam/river flow has to be monitored ammtrolled to attain the
required electromagnetic torque that can inducediwred electromagnetic force in the series caedeconductors per
phase in the armature windings. The applicationgsyihchronous machine as induction motor, inductjenerator and
clutch and brake device depend on its slip speeftequency. The power output of the induction gatmr must be
monitored in line with the load demand, so thategator output voltage does not collapse to zerodmadnergize the rotor
residual magnetism. To guide against frequent atkoit mostly in odd hour of operation of hydro sules, speed controller
of this nature becomes very important. Many papen® reviewed that gave us the background forstioidy:

In [2] the authors in theoretical study of a metfimdimproved stator flux oriented control of thluction motor at very
low rotor speeds, the flux estimation uses infdiomextracted from the fundamental frequency congmd; no additional
harmonic injection is necessary, through directage integration is replaced by a full state obseto alleviate problems
such as integrator bias. In this study completedstll with full torque is not achievable, simutat show stable operation at
arbitrary low rotor speeds, provided that the irtdnce is known with fairly high accuracy. The woekealed that use of no
flux, no rotor speed, or position sensor and tlasaliency exist, i.e a standard rotor is usedriteoto achieve stator flux
orientation which replace rotor flux orientation pninciple have the following shortcoming; they deto fail at low rotor
speeds, since the control strategy is based onefitimation through direct integration of the statoltages; also being
known as the “voltage model”. This method is therefextremely sensitive at low speeds to variatibtine stator resistance.
From stimulation the speed estimation error wowdddbpendent only on the rotor time constant elmqi3, 4, 5, 6, 7, 8] the
authors suggested three ways of improving the lpged performance (also for rotor flux orientatitm)nclude;

(i) Improved flux estimation, by a proper selectimfithe observer gain, the flux observer can beentacdbehave as the
“current” or “voltage” models, or anything in betare This is therefore a very general method, amsdtima benefit of being
well researched and understood by control engineers

(i) Machine parameter estimation [9], and

(i) Rotor speed and / or position estimation.

The electric circuit of an induction machine undtady state and transient state conditions hasniuds and outputs
variables, the d and q direction stator voltagesanrents, while the associated electric torguee pole pair) is given by[1]:

T = L% (1)
dq;st(t) = —Raig( (1)~ jay P (1) + Vo (1) (2)
dq;rt(t) =-R i_r t) - szms (t) (3)
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And the well-known complex-variable IM model exped in the synchronously reference frame naturals®e with
discrete-time estimation and control is:
Where,

V,=vy, + jvSq = the applied stator voltage space phasor.

andms :Lpsd + JLIJSq = le_s+|‘ml_r' mr :l//rd +jLIJrq = Lmi_s+Lri_r

Is = Isd + Jlsq 'Ir = Ird +|rq'
are the stator and rotor current and flux linkaggce phasors, respectively,

If the estimated flux differs from the true fluxjet actual torque will differ from the desiire. Ortlye fundamental
frequency component is used as information sousreéd at most two parameters can be estimated.Oln e authors
revealed the following;

(i) That the identification method for stator stance is derived from the steady state equatibrisdoction motor
dynamics, and

(ii) That the identification method for rotor re&ince is based on the linearly perturbed equatibisduction motor
dynamics about the operating point.

These methods use only the information of statétages and currents, and provides fairly good ifieation accuracy
regardless of good conditions and be easily inaated into any sensor less speed controller. Theuscontrol methods
for the speed control of induction motors in therksoof [10, 11, 12, 13] without rotational transdtg are better than the
conventional variable-voltage variable frequencyeitier, but require accurate information of motargmeters like stator
resistance Rand rotor resistance,RSince these parameters vary with motor temperatmd their large variations can
seriously degrade control performance of the réggmbposed control methods, works reviewed by [diftdwed that online
identification of motor parameters need motor sp@éarmation and, hence, cannot be used for indacthotors control
with out rotational transducers. To overcome thécdities in determining the machine parameters BR) without both
motor speed information, and rotational transdydershe works of [14, 15] special techniques sashthe use of ripples
caused by a pulse width modulation was adoptedgvitiiection of an additional frequency componeiaisvadopted in [16,
17]. These techniques are effective, but in [1B§ high- order time derivatives of measured quastiand the accurate
identification of the motor parameters are not guateed. In [14], the method requires high-grades@erand fast
analogue/digital (A/D) converter in order to detéigh- frequency ripples (520 KHz) to the desired accuracy, and
furthermore, involves pure integration of some diti@s; pure integration is sensitive to dc offsetmeasurement data. The
neither pure integration nor differentiation of rmeaed quantities required and adopted in full-ordedel reference adaptive
schemes (MRA§ proposed in [16, 17] to identify the machine pasters worked in most operating conditions, but not
necessarily in the generation mode. In [18], thia@s maintained that an induction machine is lgrgeluctive, and so, its
currents have a saw tooth waveform with an avesagiehing frequency determined by the segment thithlowest di/dt.
Ideally, the current ripple can be made arbitraldly by increasing the switching frequency limiteg losses in the lower
devices, thus, a good current control algorithmimires the switching frequency for a given ripplarent. Most recent
work on high performance ac drives are based dd-fisentated or vector control, like the inner fdimverter combination
know as a current-controlled inverter (CCI), witietouter loop operating on position, velocity, orque error to give a
desired value of current and an inner loop givingtwl of the inverter. In this respect CCI contstiiategies are classified
using [19, 20]:

0] Ramp — comparison (PI controller); used for lowespeperation,
(i) Predictive control; solves the machine equation{Xgal time, and
(iii) Hysteresis; used only for high-speed operationahagjor advantage in the  simplicity of itsdware.

Most papers [21, 22, 23] considered the designrafiap- comparison scheme in the frequency domlairs, dptimizing
the response for small disturbances only. The tdismarve sophisticated processors described in [B4, identified two
emanating problems to include; the dependence arhima parameters values and cost of processorsnietieod needs
further development before the gain in performanidkepay back the complexity of the system. The wamtional hysteresis
controllers, at low speed with no neutral connectieinder the “switching line controller”, is robustffer easy
implementation, and can be further improved andréxad as stated in [18]. The inverter output vadtad this scheme can
take seven possible values, each correspondingutiqaie switching state, except for the zero vatagctors. The voltage
switches from one discrete value to another whencilrrent error crosses a line in the complex manidée hysteresis
controller is characterized by the use of positiead back to displace the switching lines and tlimg the switching
frequency. In this wise [18] suggested two areampfovement;

0] At low speed, there is little motor back emf to ktice inverter voltage, and
(i) High switching frequencies are possible.

(iii) And Ways suggested to deal effectively with thesblgms include;

(iv) Using clocked comparators,

(v) Injected zero - sequence in the reference chaanel,
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(vi) Switching lines rotated relative to those dige hysteresis controllers.

The papers in recent work in VDF pointed out profdeencountered in induction motor speed control[26], the
authors remarked that the control of induction motis relatively difficult compared to others kindé motors, such as
direct-current and synchronous motors. To solve flibblem and achieving performance; the followoagtrol schemes
have been proposed:

(i) Field-oriented control, in which torque aftalix can be, separated [27], and
(ii) To overcome the coupling between torque #mxl in field-oriented control, Feed-back lineatima control [28]
is used.

To acquire more accurate flux information, by theasured stator currents, stator voltages, and nspwed by the
combined models of using current model for rotaxds in the low speed - region and voltage modektator flux in the
high - speed region [29], variation in the motorgraeters during operation inevitably leads to #sximation error. Thus the
adaptive flux developed for the case of simultaisegariation of stator and rotor resistance [26]kedl, only if the electric
motor torque in the persistent excitation (PE) d¢thowl is satisfied. This study presents the develept of a conventional
variable frequency drive (VFD) adopted for conirgl the rotational speed (among other parametdrgspnchronous
machine operated as induction generator. The doweerts input mains ac to dc followed by dc t@anversion at a limited
range of desired frequency (20HZ-65HZ). By coningll the frequency of the voltage supplied to thetand30] the
corresponding electromotive force (EMF) is indu@edhe armature winding where bulk of the ener@nsfer takes place
and speed controlled is achieved. The energy ceiorewhich takes place in the use asynchronous imeglgiven by the
relation [31];

dw;
(4)
dt

Like their dc counterparts they also control acandbrque and horsepower. With the advancemenbwrep electronic
and micro processors in the 1980's, VFDs allowesl ldrgest motors to have their speed controlleccd@ipg on their
application. This has also reduced the cost anct@sed the reliability and functionality of VFDdloaing for the use of
lower maintenance ac induction motors in most Wéeiapeed applications [32].

Pm=Pe+t

Il Asynchronous machine (AM) model

The designed and develod VFD for IM was realissith@i figures 1 & 2. The power source provides #mgulated dc
voltages for the different functional stages. TH&NP generates gate pulses which drives the MOSFBEriar. The
MOSFET inverter converts the dc voltage reachirdmik to ac voltage which is stepped up to drieeAR induction motor.
The frequency of the output voltage is given by}{33

= E, , Hz
444K K. N

(5)

o

From the inverter the voltage vector can be variydyarying the oscillation frequency of the pulgielth modulation with a
varistor, thus controlling the motor speed. Therapieg output voltage is sampled and fed back ¢odigital meter for display.
The frequency to voltage converter converts theutufrequency of the PWM IC to a proportional vgkawhich is also
monitored using digital voltmeter with the aid ofaggle switch. We made use of “SG3524 and ICL7d&f sheets”, 2005 to
actualize this model [33, 34].

Ramp or triangular Inverter output
waveform voltage vector

Current PWM
error i waveform
ref € Jcompensato Modulator
(PI controller

Inverter

Fig.1 single line model of the variable frequenciye where each arm of the inverter is controliedgieipendently.
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Output

voltage

sampler

\ h 2
Frequency- o
to-voltage Digital Display
converter voltmeter
Pulse-width MOSFET | Set-up
modulator inverter transformer Output
i (to motor)
~

12V power
Input 4] supply
{mains)

Fig. 2 block diagram of the variable frequency driv

Il Principle of operation
The operation of the VFD is based on the principé the synchronous speed of an ac motor ismaterby the frequency
of the ac supply voltage and the number of poléeémrmachine stator winding given by the relati®é]{

120f
N;yn = » 'pm %)
p

In the case of asynchronous machinesdfagional speed of the motor is slightly less thiaa synchronous speed. In
either case VFD can be used to adjust the rotdtigmeed which has the advantage of reducing trectethe motor an
inductive load has on the system’s power factoisbiating the motor behind the dc bus. Anotheruesabf the VFD is that
it makes it possible for ac motor to be adaptedvéoiable speed application and hence their uggaice of dc motor since
they are more robust, available, cheaper and ltovaraintain. In effect, when we know the charasters of a motor under
a given load condition, we can determine its spe@due, power, etc., under any other operatinglitimm. These quantities
are related by the equation [37]:

-l 7

The only restriction to the application of equati@ is that the new torque, Thust not be greater tham[lEx 2, then the
E,

equation yields an accuracy better than 5%, widcsuificient for most practical problems. As soartlze driven motor or
engine speed exceeds the synchronous speed theiamdmotor becomes a source of electricity, delivg active power to

the electrical system to which it is connecteds this type of machine that is called Asynchronbdiiction Generator. The
active power is directly proportional to the slipo&e synchronous speed and the rated output peweached at very small
slips, usually less than 3%. In this work the reacpower Q flows in the opposite direction to Haive power P. To create
the magnetic field capacitors were connected tadfmainals of the armature windings as shown iorkg 3a & b.
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C
I
3C
K Xe — To 3-phase
Hydro \/\ To 3-phase : IGC and load
! N
plant > 1GC and load -
> 3C
G o—|
Coupler
Q <« 00—
Transmission line B =

Induction
motor

Fig. 3a  Star-connected Induction Generatork stér/delta-connected-excitation capacitors

R R
To 3-phase Al CZ
o IGC and load To 1-phase
}\ N ¢\ IGC and load
i CiB, N
C | ABy
oBe 2C

Fig. 3b Delta connected induction Generator witbitation capacitors

IV. Testresults/ Interpretations
The measured output frequencies from the frequémepltage convector compared with the frequenfrias the pulse —

width modulator to the converter showed differences_ 1volts.

Figure 4 shows the relationship of frequency agdamstor rotor speed. The plot shows that whethsr the motor
synchronous speed or the rotor speed it varies thélsupply frequency which the work is set ouat¢bieve for various

speed control applications.
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A\

Output frequency (Hz)
N
Xy

T |
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Motor speed (RPM) 0

0 30 60 90 120 150 180 210 240

Output voltgae (V)

Fig.4 plot output frequency against ) .
motor rotor speed Fig.5 plot of output frequency against
output voltage

The output frequency value a determining factortfier motor output torque which depends on the sgohthe voltage at
the windings terminal is as shown in figure 5. Hemerated terminal voltages increases with theoit@pee value, but it's
limited by saturation of the iron as shown in figair6 and 7, while Tables 1 and 2 present the rgadaken during the
experiment, from which inference can be drawn andhapability of VFD' application in generation déaricity using
asynchronous machines [38]. The MOSFET gate imuaire pulses and the VFD output waveforms wasfaetisy using
oscilloscope.

1800

1600 o (215 ‘

1400

1200 0

1000+

(=R
3

800 1

Generated voltage (Volts)
°B

600 1
400 1
5
2007 0
0 : T T T T . T . . . . 3 . 0
0 20 40 60 80 1200 120 140 160 180 200 220 240 260 e 10 20 30 40 50 60 70
—P Voltage 0 0 0 0 0 Loa(? 0
Fig. 6. Generated Voltage per Phase V. (Volts) Watts)

Fig. 7 Plot of Generated Voltage against Resist(lve

I nad
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V.

Conclusion

The results and plots of the experimented modehbkr frequency drive have shown that as the frequef the supply
voltage reaching the asynchronous machines chahgestational speed of the motor changes in dpemportionality by
the VFD Linear relationship. This maintained constaolt per hertzatio is the general rule in VFD control operatiBy.
means of variable frequency drives, it's possibladapt lower maintenance AC motors for variabkesipapplications
applicable in hydro schemes electric energy geioeratith or without electronic speed regulator.
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