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ABSTRACT 
In this paper, a single- phase to three- phase converter is proposed. to provide 
variable output voltage and frequency. The proposed topology employs only six 
IGBT switches, which form the front-end rectifier and the output inverter for the 
one step conversion from single-phasc supply to output three-phase supply. The 
front-end rectifier permits bidirectional power flow and provides excellent 
regulation against fluctuations in source voltage. Moreover, it incorporates active 
input c~u-rent shaping feature. An easy method to implement control strategy is 
proposed. This control strategy ensures nearly  unity input power factor with 
sinusoidal input current over thc operating range. Based on vector control 
technique, the proposed converter is used for speed control of three-phase 
induction motor. A low cost of motor drive can be achieved using the proposed 
technique. Simulation and experimental results are carried out to analysis and 
explore the characteristics of the low cost drive system. 
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1, INTRODUCTION 
In rural electric systems and remote areas the cost of bring three-phase power 

to a remote location is often high. This is due to high cost of a three-phase 
extension. Further, the rate structure of a three-phase service is higher than the 
single-phase service. A single-wire earth return transmission line has proved to 
be a cost-effective solution for delivering power to rural comn~unities. Single- 
phase power is adequate for many domestic applications such as lighting, heating 
and powering small appliances. However, problems arise as soon as applications 
demand the use of nledium electric motors. These applications include pumps for 
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The single-phase induction motor, up to sizes of 5kw, has been an ubiquitous 
motor for many years in applications where a single- phase supply is readily 
available, such as in the household. These are used in refrigerators, washing 
machines, fans, food mixers, pumps and air conditioners. In most of these 
applications the motor is actually a two-phase motor. Usually the motor runs at 
one, two or at most three speeds obtained through manual intervention. 
Obviously, the motor operates at non-optimum efficiency and at low power 
factor. Variable speed operation has been obtained through voltage control 
using triacs or  back-to-back thyristors. However, these suffer from large 
harmonic injection into the supply network and low power factor. 

Fixed speed operation often means that the process, which is not controlled to 
the desired cctcnt. conscqucntly can not bc made to respond well to what is 
desirable and adequate. A wide speed range, truly variable-speed motor, frees the 
designers to come up with better operating featurcs. 'IXs can be achieved by 
using three-phase motor, which are more readily available. Therefore, single- 
phase to three-phase converters is a suitable solution for these situations where 
three-phase power is not available. Various methods, including static phase 
converter, rotary phasc converters, reduced topology power ,electronic converters 
and novel motor designs have all been investigated [I -5 j. 

Variable-speed drives using three-phase inverters and ac motors have already 
found widespread practical application in various forms. Certain applications, 
however, still require a further cost reduction for the drive. The reduction of the 
number of power semiconductor device coinponents in the converter should be 
the main consideration for reducing the cost of the control subsystem. The use of 
transistors instead of thyristors eliminates the forced conlmutating components 
and presents distinct advantages for drives in the power rangc up to SOKVA. A 
further reduction in components is possible by considering alternatives to the 
conventional three- phase bedge configuration for a voltage- fed inverter, since 
this circuit uses six switching devices and six reactive power diodes. These 
considerations lead to a bridge circuit with only four switching devices and four 
reactive power diodes. It has been shown that a two-level current control can be 
implemented to yield quasi-sinusoidal currents in the three- phase load [6,7]. 

This paper presents single-to three-phase converter for low cost ac motor 
drives. The proposed system is based on vector control technique for operation 
over wide speed range. The proposed converter configuration employs only six 
IGBT transistors for rectifier and inverter structure. The proposed configuration 
incorporates fi-ont-end half bridge active rectifier. This rectifier provides the dc- 
link voltage with active input current shaping feature. A four-switch inverter 
with split capacitors in the dc-link provides a balanced three-phase output to the 
motor. The proposed converter draws near sinusoidal current from the ac mains 
at close to unity power factor and therefore satisfies strict harmonic current 
standards. Bi-directional power flow is possiblc between the ac mains and dc- 
link. This feature provides excellent voltage regulation against voltage 
fluctuations. A laboratory drive system is built and tested using the proposed 
converter to explore the most important feature of the Iow cost drive. 



2.. PROPOSED CONVERTER 
The proposed single-phase to three-phase converter is configured as shown in 

Fig. 1. The switches TI  and T2 form the front-end rectifier. Two split capacitors 
form the dc-link. The output inverter converts the dc-voltage to a balanced three- 
phase output with adjustable voltage and frequency. This inverter is configured 
with f o ~ r  switches T3, T4, T5 and T6, respectively. Two output phases are taken 
from the inverter legs directly where the third output is taken from the midpoint 
of the two capacitors. 
2.1 Front-end rectifier 
The front-end rectifier converts a single-phase utility ac supply voltage to dc- 

voltage. A boost inductor, L, is connected in series with the utility supply 
voltage. The power transistors TI  and T:! ase switched on using current forced 
control (CFC) strategy that enables the device to operate with a sinusoidai line 
current. As a result, little distortion, unity power factor and regulated dc busbar 
voltage can be achieved. Moreover, this control stratcgy pcrmits power transfer 
in either direction betwcen ao mains and clc busbar voltagu. So, this rcctilier calls 
single-phase voltage source reversi blc rectifier (VSRR). 

The two capacitors (designated C,) initially have to charge up to the peak 
voltage of the utility supply via the inverse parallel diodes across the transistors. 
The two capacitors must be large enough to appear as an essentially constant dc 
voltage source with low ripple contents. The large size of Coalso means that 
some form of soft start nmst be included during the initial charge tip to prevent 
transient inrush current from harming circuit cm~~ponents. Once the capacitors 
have fully charged and the diodes are reversing biased, it becomes virtually 
constant dc voltages. The output voltages Edc+ and Edc- can be kept constant by 
connecting the capacitors in series with the voltage source, Vs, via the two 
transistor switches T1 and T2. Note that only one-transistor turn on at a time, or 
else a short circuit of the dc voltages will occur. If a transistor that conducting 
current is turned ofl, owing to the inductive nature of the circuit, the current 
instantaneously freewheels through the diode across complementary tfansistor. If 
the same transistor is turned back on, then the conducting diode will reverse 
biased and the current will switch to flow back through the transistor. In a CFC 
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always turned off. So, the two transistors / diodes essentially behave as a two 
pole bi-directional switch. This switch conveniently is represented as switching 
logic variable NS. Using this logic variable, the circuit differential equations can 
be written as: 

Where, il is the load current which may be i ,  or ib ,,. i,.. NS=l ,if T1 or Dl  is on 
and NS=O, if 1'2 or D2 is on. From the above equations it can be seen that if Tl 
is on the supply current i, will decrease. On the other hand, if T2 is on 'the current 
will increase. Hence, the cqrrent can be forced to track a reference waveform i, 
simply by scvitching on 1'2 if the current is higher than i,., or by switching T1 on 
if the current is lowcr thrm i,. 1:or thc device to opcratc \vith a sinusoidal input 
current and unity power factor it is necessary to produce a sinusoidal-current 
reference waveform that is either in phase or 180' out of phase with ac utility 
supply voltage. In addition, the dc voltage Ed, must be maintained equal to a 
reference Edcr under all load conditions. Both these can be obtained using the 
control scheme of Fig.2. Comparing a dc reference. Ed,,, with the actual dc-link 
voltage, Edc, the output error, e, is filtered and modified by a PI controller. The 
filter output, U, multiplied by a iinit vector signal derived from the supply 
voltage to produce the required current reference i, The current reference is then 
compared with the actual supply current to determine which transistor should be 
turned on. If Edc is too low then the error is positive and i, is produced in phase 
with V, .The power is transferred from the ac to the dc side (rectifying) and 
consequently increasing Edc 

i 

sin w t 

Fig. 2 Block diagram of the control scheme 



Alternatively, if Edc is too high then the error is negative and ir is produced 180' ; 

out of phase with V,. So the power is transferred from the dc to the ac side 
* (inverting) to reduce Edc. The control loop including the second order harmonic ' 

filter has a total transfer function: 

Where, 

E, = E,, - E,- 
And 
i = Uo). sin(@ 

2.2 Four-switch three-phase output inverter 

The output side of the proposed single-phase to three-phase converter consists 
of a four switch (Tj to T6) inverter. The center point of the capacitors forms the 
third phase "c", where the current in this phase is the result of the currents in the 
two controlled phases. A detailed comparison of the four-switch inverter with the 
conventional six-switch inverter configuration is given in [8]. Two control 
possibilities exist to control the four-switch bridge inverter, i.e., two- level 
current control to force the two controlled phases currents to sinusoidal, or using 
PWM to control the voltages applied to the three-phase quasi- sinusoidally. The 
two- level current control of the four-switch bridge inverter used to control the 
load current by forcing it to follow a reference one. This is achieved by the 
switching action of the inverter to keep the current within the hysteresis band. 
The load currents are sensed and compared with respective command currents 
using two independent hysteresis comparators. The output signals of the 
comparators are used to activate the inverter power switches. This controller is 
simple and provides excellent dynamic performance. 

In this paper, the four-switch three-phase output inverter is controlled using a 
fixed band hysteresis current control scheme, which has the following 
 ath he ma tical model: 
i ref =i ,,,, sin(wt) (8) 
i ,,p= i ref + H (9) 
i lo =i ref- H (10) 
Where, i,f is the reference current (may be i,, or ibr.), ilV is the upper band, il, is 
the lower band and H is the hysteresis band. For i,,,>O.O: if i, >it,, , then NA=O, 
this means that the inverter output voltage switches tb negative in order to reduce 
the line current. In the same manner if i,<ilo , then. NA=l, where the inverter 
output voltage switches to positive in order to increase the line current. The same 
sequence is followed for phase b. Hence, the control logic for the two phases (a 
and b) are given as follows: 
For i,pO.O: if i, >it,,, then NA=O, else if i,<il, then NA=l 
For i,,<O.O: if i ,  i i , , ,  then NAl=I, else if ia>ilo then NAl=O 
For ibpO.0: if ib >i,,,, then NB=O, else if ib<ilo then NB=I 
For ib,<O.O: if il, <i,,,,. then NB 1 = 1, else if ib>il, then NB 1 =O 
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modulated phases voltages of four switch inverter are introduced as a function of 
switching logic NAY NAl,  NB and NB 1 of power switches by the following 
relations: 

3. CONTROL SCHEME OF LOW COST AC MOTOR DRIVE 

The control scheme of low cost ac induction motor drive is shown in Fig.3. It 
incorporates the speed controller which receives the error signal between the 
preset speed and the actual measured speed of the motor shalt and then generates 
the torque command ( T ~ *  ) through a PI speed controller. This torque command 

produces the quadrature current command I in the synchronous reference 

frame (SYRF) [9]. The direct current I;! is sets by the rotor flux level, A:. 
This flux level is calculated according to the method described in [lo]. The two 
current conmands are then transformed to the stationary reference frame (STRF) 
with the aid of the calculated Command angle (0';).This command angle is 

Rectifier 

J L 

Fig.3 Block diagram of the proposed drive system 



calculated in such away that aligns the de-axis of SYRF with the rotor flux axis. 

4 
The two stator current commands, and 1;' in the SYRF are then transformed 

to STRF and then transformed to three phase references current i, , ibl and icr . 
Only, two currents reference i, and ibr required for the hysterpis current 

controller that generates the switching function for the pulse width modulated 
voltage source inverter. The VSI takes the dc voltage from the front-end rectifier. 
3.1 Motor model and vector control 

The mathematical model of three -phase squirrel cage induction motor in de-qe 
is described in [9] as: 

The electromechanical equations are given by 

3 PL, 
Te = - --(I:&& - ~ z ~ A i ~ )  

2'2 L, 
Equation (1 6) denotes that the torque can initially proportional to the quadrature 
component of the stator current I& if the qO-axis component of the flux 

becomes zero (d'-axis is aligned with the rotor flux axis), and the dc-axis 

component A: is kept constant. This is the philosophy of the vector control 

technique. In accordance, Eq.(16) is linearized as : 

This equation is similar to that of the separately excited dc motor. The angular 
slip frequency command (w:, ) is: 

Also from Eq.(14) 

Angular frequency is obtained as follows, 



4. HARDWARE IMPLEMENTATION 
> 

.The induction motor drive system is controlled using dSPACE DS 1 102 
controller board [ I l l .  This board is specifically designed for the development of 
high-speed multivariable digital controllers and real time silnulations as shown 
in Fig.4. The feedback signals to the controller board are the measured motor 
line currents and the motor shaft angular positions. Also, the supply voltage and 
supply current are fed to the board. The actual currents are measured using Hall- 
effect devices. The currents are then buffered and fed to the AID converters on 
the board. An optical incremental encoder installed at the  noto or shaft measures 
the nlotor shaft position. The encodcr has a resolution of 2048 pulses/rc.v. to 
enable for fast and accurate speed control. The outputs of the controller board in 
the form of digital pulses are sent directly to the base drive circuit of the 
converter power transistors. 

5. SIMULATION AND EXPERIMENTAL RESULTS 

The simulation of the entire,drive system of Fig.3 is carried out using Matlab- 
si,mulink @toolbox. The motor parameters are given in Appendix 

Step clznrtge in tlre reference speed 

The response due to a step change in the command speed is used to evaluate the 
performance in terms of steady state errors and stability. The motor is subjected 
to step increase and decrease in the reference speed under loading conditions to 
evaluate the performance. FigureS(a) shows the rotor speed response with a 
command speed of 1000 rpm at full load. At t=l second, the speed reference has 
been changed to 1 100 rpm and returned to 1000 rpm again after 1 second. It can 
be seen that the rotor speed is accelerated and decelerated smoothly to follow its 
reference value with nearly zero steady state error. Figure 5(b) shows the motor 
developed torque. The torque shows correspondingly increase and decrease 
during the step changes in the reference speed due to the dynamic states. The 
motor phase current is illustrated in Fig.S(c) and shows good dynamic response. 
FigureS(d) shows that the dc-link voltage is not affected by speed changes. This 
is one aim of rectifier design. It is shown that the control of the rectifier works 
independently. While, Fig. 5(e) shows the supply current with supply voltage. It 
is noticed that the supply cusrent is in phase with supply voltage even during the 
period of speed changes. This means that unity power factor can be achieved 
irrespective of the motor dynamics. 

Load cItnnge 
The a5ility to withstand disturbances in IM control system is another important 

feature. A step change in the motor load is considered as a typical disturbance. 
Figure 6(a) shows the speed response when a full load is applied for 5OOn1s, The 
motor started at no load and the f~dI  load is applied after one second. After 
500ms the load is released. It is clear from Fig.G(a)that the speed is recovered 
very fast with acceptable under and overshoots .The corresponding developed 



torque is shown in Fig.6(b). A motor phase current is increased with abplying the 
load and vise versa as shown in Fig.Ci(c). Figure 6(d) shows the supply current 
with supply voltage. It is noticed that the supply current is in phase with supply 
voltage a long the period of load changes. This ensures unity input power factor 
for different operating conditions. The dc-link voltage waveform is shown in 
Fig.6(e), it is clear that the voltage is not affected by motor loading and has good . - 

dc voltage regulation. 
VSRR 

Motor Generator 

Fig. 4 Experimental set-up for DSP-based control of induction motor 

The experimental investigation has been carried out to verify the validity of the 
control scheme of the drive system. The results were obtained at different 
operating points including drive response due to load changes and step change in 
the speed command. Figure 7 shows the experimental drive response when a full 
load is applied. The motor started with no load and after 9OOrns a full load is 
applied for 600ms and then' is released. It can be seen that, undershoot due to 
load impact and overshoot due to load release are limited to an acceptable values 
as shown in Fig.7(a). The motor torque is show in Fig.7(b). Figures7(c) and (d), 
show the response of q-axis and d-axis stator current components during the load 
changes. It is noted that the quadrature axis current is changed related to the load 
and the direct axis current is maintained consta~lt during the load change. This 
response clarifies that the motor is being driven unaer correct rotor field oriented 
control. Figure 8(a) shows the step change in speed from 900 rpm to 1000 rpm. It 
is shown that the rotor is accelerated smoothly to follow the speed reference 
cornmind with nearly zero stea'dy state error. It is noted that the system is f ~ ~ l l y  
damped. Figure 8(b) and (c) show the motor phase a and b currents waveforms, 
It is noted that the current is increased during the step change of speed. 
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Fig.5 Simulation drive response i j r  step changes in  speed reference at full load:(a) 
Speed response: (b) Torque response; (c) motor phase current (d) Dc-link voltage (e) 
Supply curscnt and supply voltage 
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Fig.6. Silnulation drive response due to load changes: (a) Speed response; 
(b) torque response; (c) phase current (d) dc-link voltage (4) supply 
current and supply voltage 
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Fig. '7 Experimental drive response due to load changes (a) motor 
speed (b) motor torque (c) quadrature axis current component (d) direct 
axis current coin~onent 
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6. CONCLUSIONS 

This paper has presented a single-phase to three-phase converter. This 
converter provides variable output voltage and frequency. The proposed 
converter has maintained sinusoidal inp~it current with ~inity input po,wer factor. 
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on vector control technique, a control strategy of the proposed converter fed 
induction motor has been implemented .The low cost ac drive has been ensured 
using the proposed topology. A laboratory drive system has been built and tested 
to verify the most important features of the proposed control system. The results 
have been shown the efficacy of the low cost ac drive system. 
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LIST OF SYMBOLES: 

11 

Ls 
X's 

T,Y TL 
APPINDEX 

: Controller gain constant of front end rectifier 
: logic variable of rectifier 
: qe-dcaxis stator voltage 
: qe-de -axis stator current 
: qc-dcaxis stator flux linkage 
: Stator and rotor resistances 
: Monlent of ihertia and viscous cocff'icient of the motor 
:Stator. rotor and mutual inductances 
:Stator angular frequency ,and rotor speed 

d :Differential operator ( - ) 
dt 

: Proportional gain 

:Time constant of the PI controller . 

:Rotor time constant (L,/R,).,The synchronous reference frame 
:Phase 'a ' pulses logic 
:Phase 'b' pulses logic 
:Motor phase voltage 
:Output capacitance 
:Total dc busbar voltage 
:Negative half DC busbar voltage 
:Positive halt DC busbar voltage 
:Reference DC busbar voltage 
:Supply current 
:Supply reference current 
:Supply inductance 
:Phase to neutral supply voltage 
:Electromecl~anical torq~ie and mechanical load torque 

The induction motor is a three-phase squirrel cage and has the following 
parameters; 
Rated power : 1.1 kw 
Rated load torque : 7.5 N.m. 
No. of pole pair : 2 
Stator resistance : 7.4836 ohm 
Rotor ksistance : 3.6840 ohm 
Rotor leakage inductance : 0.0221 H ' t, 

Stator leakage ind~~ctancc ' : 0.0221 lI 
Mutual inductance : 0.41 14 1-1 
Supply frequency : 50 I-Tz 
Motor speed : 1400 r.p.111. 
Supply voltage : 320 volts 






