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Abstraect
In conventional pulse width modulated full bridge inverters; all power devices are switched at high
frequency and are consequently subject to significant power losses. In this paper, the bridge switches
are controlled at the low frequency of the load voltage. The proposed inverter is shown to have smaller
device losses and higher power transfer efficiency than commonly used control schemes, while
producing a lower hammonic distortion in thc ac output voltage. The proposed system is
microcontroller-based trigger system which provides the pulse train to the 1GBT buck converter
switches and the main switches of the bridge inverter, the microcontroller is programmed to provide a
sinusoidal pulse width modulated signal in a corresponding matter to the conventional system but it
works at high efficiency, precision and with low components. The proposed dual-stage system can
eliminates the commutation circuit since when the IGBT buck is off the current through thc main

switch thyristors reduced to zero.

Introduction

DC to AC inverters are widely uscd in motor
drives, uninterruptible power supplies and
photovoltaic-utility grid interface or stand-alonc
PV system. The full bndge inverter configuration
shown in Figure 1 using thyristors or switches,
Twmi, T, Tans, and Toa are controlled by a variety
of Pulse Width Modulation (PWM) techniques.
As the switching frequency is increased, a high
quality output voltage waveform can be more
casily recovered by low-pass filtering [1]. During
a typical tum-on or tum-off operation, the voltage
across load remains constant near to the dc bus
voltage for a significant portion of the switching
transient, while a relatively large current is being
commutated. Consequently, the inverter objected

to high power losses which increase linearly
with the switching frequency. This not only
impacts the power transfer efficiency of the
inverter, but also increases the size and cost of
heat sinks required for effectively radiating heat
loss to avoid inverter failure [2]. The
application of dual-stage has been developed
for the MOSFET or IGBT full bridge inverter
as a multilevel converter [3]. In this paper a
new method introduced to the thyristor-based
full brdge inverter by using the dual-stage
technique to reduce the switching losses during
the PWM scheme. This method can be uscd
also to eliminate the commutation circuits. In
reality the commutation will not be vamished
but it will be used as the so called auxiliary
soft-switches [4]. These circuits perform a zero
current transition of the inverter and are applied
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for the high power ac motor dnve applications to
commutate the current during the transition [5]. In
the de to ac inverter presented in this paper, the
bridge switches are commutated af the output
frequency (f), while the high-frequency pulse
width modulation (fearier) is handled by using the
microcontroller as programable triggering circuits
|6} The proposed control scheme is used to
trigger the overall thyristors and in the samc time
providing PWM  scheme to the IGBT buck
converler by using the programmed intelligent
controller (PIC) [7], for retaining the sinec output
waveform from the inverter, a low pass filter is
designed for this purpose. Figure 1 show the
topology of the proposed dual stage thyrstor full
bridge inverter with IGBT(Q;) as the swich
which will perform the PWM of the DC voltage.
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}1-Thyristors TM!1 and TM3 are triggered
together from thc same triggering pulse of
the IGBT-Q! buck converter during the
positive half,

2- Thyristor TC1 is triggered t just before
the end of positive half cycle of the output
wave form to commutate Ty and Tas.
T¢i is naturally commutated at the cnd of
the commutation eycle of the two
thyristor.

3- Thyristors Tye and Twme are tnggered
together from the triggering pulse signal
of the IGBT-Q1 buck converter dunng
the negative half.

4-Thyristor TC2 is triggered just before the
end of the negative half cycle to
commutate TM2 and TM4, and then it
will be naturally commutated at the end
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Figure |- Dual-stage PWM full- Bridge Inverter

Sequence of Operation of the Dual-Stage
Inverter

The pair of thyristors and the IGBT must be
triggered simultaneously throughout the half
cycles as follows:

of the commutation cycle of the two

thyristors.
The timing diagram of the dual-stage Inverter
and the commutation circuit will be explained
later. The commutation process 1§
accomplished by using the technique of
resonant impulsc. When thyristors TM1 and
TM3 ar¢ in on-state, the current will pass from
the source through IGBT buck converter,

.
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Tay and Tams to the load, frequently, as
thyristors TM2 and TM4 are in on-state, the
current will pass from the source through IGBT
buck converter, Tag and Ty to the load. Figure
2 shows the topology of the dual-stage inverter
with its commutation circuits. As the triggering
signal is applied to the first which branch
including the thyristors Tay and Tag, the
current  passes through IGBT-QI  buck
converter, Tay, load (pnmary side of
transformer) and Ty as shown in figure 2.

ik

i;

Sinusoidal Pulse modulation by dual-stage
inverter

The output voltage waveform for sinusoidal-
pulse duration modulation is illustrated in
Figure 4a {8]. In this Figure, the duration of
each pulse changed sinusoidally according to its
position in the sinusoidal waveform. Figurc 4b
represents how to determine the duration of
each pulse. The tuming on and off of the
switches are executed by a flexibic
microcontroller ¢ircuit.

JE

Figure 2 -The equivalent circuit of the inverter for the first half cycle of the operation
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Figure 3 - The equivalent circuit of the inverter for the second half cycle of the operation
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Figures 4-Output waveform with sinusoidal-pulse modulation

The control function consists of a train of
signals sinusoidally vanable pulse width
gencrated by the microcontroller.  The
duration of each pulse applied to the IGBT-Q1
huck converter 1s given by [1]:

d{t)=my6sin2) fit6 (1)
Where:

dit) is the time-varying duty ratio and m, is

the modulation index which is selected in

the range of 0<m,<1, and f; is the desired

frequency of the inverter.

Analysis of the Operation of dual-stage
inverter

The dual inverter switches are tniggercd by
using sinusoidal pulse width modulated signals
oulput  from the programmable intelligent
microcontroller (PIC). The operation is then
converted to suitable code to the PIC memory.
The pulse width modulation scheme (PWM) is
used to control the IGBT-Q! buck converter.
The average voltage across terminal I-2 in
Figure 1 given by

V,, =d(t)V, 2)

Where:
Vp 1s DC. Input voltage to the dual-
stage mverter, If the duty ratio d{t) is
made to vary slowly with respect to the
switching frequency of QI, the local
average value of the buck converter
voltage is given by:

Vi =d)V, (3)

The buck converter IGBT-Q1 operates as a DC
chopper according to the time varying
modulation pulses d(t). the output of the pulse
width modulator 1s shown in Figure 4a. The
corresponding pulsc triggering signal is used as
thc gate control signal for the IGBT and the
corresponding thyristors tn the same time. The
instantaneous value of the voltage output
across the load is given by;

0

{+ d()WB TM 1, TM3 ON @)

—d((WB TM?2,TM 4 ON
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The control functions of the above operation
can be packaged into a suitable code to be
downloaded into the PIC EEPROM to drive the
dual-stage inverter as following:

1. Create a sinec wave with the frequency
equal to the desired inverter frequency
(fi=50) and variable amplitude A

c(t)=A sin( 2xf,1) (5

2. Set the amplitude (A;) of the modulating
signal (triangle wave) such that
2A>A.

3. Set the frequency (fp=fuamcr) of the
modulating signal equal to the IGBT
switching frequency.

4. Define the period of the modulating
signal as;

7, =— (6)

Where: 7, is the period of the

modulating signal.

5. The instantancous of the modulating
signal is given by ;

bty = ZAPHTLJ— ﬂoo{Tip] —AP} (7)

Where: m(t) is the function
representing the modulating triangle
signal.
The generation of the PWM
waveform will depend on the
triangular and instantaneous
amplitude of the sine wave.
6. The comparison between the
instantaneous value of the tnangle
and sine waves is given by;

E at m(ty>c(l)
= 8
5 {0 at m(t) <c(f) @)

Where E is the output voltage of the PIC pins
{approx. 5V)

The number of pulses generated during a half
cyvele of the output waveform is;

N= 2f—} =integer (9)

Tum-on and turn-off angles of the 1GBT-QI
buck converter are determined according to
equation 9. The output voltage is controlled by

varying the amplitude A over a range
0SALAmax, where Apa> 2A,. if Anax is made
very large, within the limat, output voltage V,
approaches to the rectangular waveform. The
determination of the hammonic amplitudes is
relatively complicated, however, it is found
that for 0<A/ A, <2 all harmonics of order
n<2N are eliminated. For A/A;>2, low-order
harmonics appear |8, 9|. Since pulse-width is
no longer a sinusoidal function of the angular
position of the pulse. For the PWM technique,
the frequency hanmonics are in the area of the
switching frequency. The content of the
hammonic is determined according to the
frequency of the tnangular carnier wave m. The
harmonic frequencies f; are given by [1]

/.= [_/%ik}fm (11

J, k are always odd.

Performance of the Proposed Dual -PWM
Full Bridge Inverter

The performance of the proposed dual inverter
designed i1s compared with conventional
tniggering inverters as they loaded with similar
load. The two cases containing similar switches
and DC supply as shown in Table 1.

The ratio of feamiedf1 (feamiar 18 the frequency of
the triangular wave form) must be an odd and
integer. This is because the dual PWM inverter
must sustain odd quarter wave symmetry at its
output. This lead to the elimination of all even
harmonics. The selection of the frequency of
the dual switch 1s chosen very greater than the
output frequency of the inverter. Hence more
harmonic will be eliminated. Since, the
harmonic frequencies occur around twice the
carricr frequency.

Table ! the components specification of the
proposed dual inverter.
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The specification of the The corresponding vatue
inverter
| Load 25A

Frequency of output 50H=z

voltage, f)

Switching frequency, f; 150 Hz (for the IGBT
PWM circuit)

DC supply voltage, E 60V

Main switches, TM1, Thryistors ( BT151)

TM2, TM3, and TM4

PWM switches, Qy IGBT, GT60M101

Output filter type 2™ order Butterworth,
Pass Band 0-1kHz

The harmonic distortion degree of the output
voltage waveform is [ 10]:

v -yt 12
%THD=100;,"“ =100 ""V w12

s | o |

Where;
Vais =RMS voltage distortion [V]
Vimss =fundamental frequency RMS voltage

(vl
Vo= RMS voltage [V]
‘THD =Total harmonic distortion {V]

Table 2, comparison between dual PWM and

PWM modulated inverter

Parameter Dual-stage Normal
PWM inverter inverter

Total Harmonic 1.02 1.4

Distortion (THD)

Power loss from 15-2.4%(500w) | Not used

Combined power 13-2.6%(500w) | 40w-8%

(TM1,TM2, TM3, and (500w)

T™M4)

Power Transferred 95% 92%

efficiency

Inverter waveforms

The pulse widths vary sinusoidally, as expected
from the theoretical waveform shown in Figure
5. The waveform for the buck converter output

voltage for the proposed circuit is shown in
Figure 6. Figure 6 also shows the unfiltered
output voltage for the proposed inverter for two
schemes of operation; the first is the output of
the inverter without the proposed dual-stage
PWM buck converter, the second with the
proposcd PWM  buck converter. The
corresponding frequency spectra for the
unfiltered output voltages under the above two
scheme of operation of the inverter are shown
in Figures 6(b), and 6(d), respectively. In the
first two cases the significant harmonics occur
around the switching frequency. However the
inverter without PWM has higher harmonic
content.
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Figure 5: (a) Buck Converter Qutput Voltage,
(b) Unfiltered Output Voltage of Proposed
Inverter.
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Figure 6 (a) The output voltage of the inverter
without PWM, (b) Power Spectrum of
Unfiltered Load Voltage, (c) The output
voltage of the inverter with dual-stage PWM,
(d) Power Spectrum of Unfiltered Load
Voltage

Adaptive Filter of inverter output voltage

For obtaining a sinusoidal ac output voltage,
the low-pass filter formed by L and C in Figure
7 extracts the fundamental component of Vg.
Hence the load voltage, Vo, is effectively the
local average value of Vap (Wap 15 Vi3), as
shown in Figure 8.
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Figure 7: Averaged Circuit Model for Proposed
Dc to Ac Inverter

Rﬁ‘wm

The harmonic appears of the dual-stage PWM
inverter at higher frequency, compared to
Those of the inverter without dual stage PWM,
The filtered load voltages for the dual-stage
PWM inverters are shown in Figures 8. The
proposed dual-stage PWM inverter is seen to
produce the lower value of total harmonic
distortion in the load voltage, as shown in
Table 2.

1 ’ ' '
L, 40.000w 1/ 25 00H. Vi AR

Figure 8 the output of the filtered output
voltage
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CONCLUSION

This paper has presented a new method for
tiie operation of the full bridge thyrnstor-based
wmverter with reducing the overall switching
power loss and improving the quality of the
output voltage waveform in a de to ac pulse
width modulated inverter. It has been shown
that the proposed circuit and control strategy
which achieved with a high accuracy puise
triggenng microcontroller-based circuit to
produce  low-distortion  output  voltage
waveforms, while improving the power transfer
efficiency over conventional schemes. The
proposed scheme 1is triggered by using
programmable intelligent controller (PIC-
Microcontroller). This method provides more
flexibility , high precision as well as high
syachronization switching between the buck
converter and the inverter main switches.
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Abstract

" Recently, a great interest has been directed to swilched reluctance motor and its wide
applications in industry; such as: robotics, textiles, servo-drives, domestic drives and electric
vehicles. The earliest control techniques used for SRMs were difficult and complicated due to
thetr requirements for a rotor position sensor. The rotor position sensor is a significant
contribution to the cost and complexity, and tends to reduce the reliability of the drive system.

In this paper, a simplified sensorless digital controller has been designed, analysised,
implemented and tested with SRM of 6/4 pole and 1.1 kW rated power. Moreover, a digital
simulation of the SRM supplied from this controller has been developed using
MATLAB/SIMULINK program. Some interested measured results have been introduced to
illustrate the performance characteristics ol the system. Finally, both practical measured results
and theoretically calculated results were compared and found much close to each other.

usually wound around a pair ol opposite
pole [2]. The rotor contains no conductors or
permanent  magnets.  The  operation
principles and control are explained in
details in [3,4]. The drawbacks often cited
for the SRM; that they are difficult to
control, require a shaft position sensor to
operate, tend lo be noisy, and they have
more torque ripple than other types of

1- Introduction

Switched reluctance motors (SRMs)
have undergone rapid development in many
applications over the last two decades. This
is mainly due to the various advantages of
SRMs over other electric moetors such as
simple and robust construction, and fault-
tolerant  performance [1]. From the

construction point of view, it is the simplest
of all electrical machines. Switched
reluctance motors are mainly doubly salient
magpnetic structure, built up {from a stack of
steel laminations. The stator phase winding
comprises a set of coils, each of which is

motors. The torque ripple problem attracted
researchers to solve it references [1,5-10]
explore many metheds to solve this
problem.

Accepled August 25, 2004,
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Recently, sensorless operation is available
and the improvements in digital and power
electronics solve the control problem.
Numerous literature discuss this issue [11-
15].

The waveform detection technique, which
uses the current chop rise time in the active
phase for monitoring rotor position is
presented in [11]. Measuring the mutually
induced voltage in an inactive phase, which
is either adjacent or opposite to the
energized phase of an SRM is used in [12].
A PWM voltage control method has been
introduced in  [13].  High-resolution
sensorless position estimation, using either
flux-linkage or current to correct for errors
in rotor position is presented in {14].
Another method has been described in [15],
based on a stored flux-linkage / current /
position characteristics.

This paper introduces a new simple
low-cost  sensorless  controller.  This
controlier has been tested on 6/4 SRM of 1.1
kW rated power. To verify the controller
butput, a mathematical model of SRM has
been  developed using MATLAB
\SIMULINK  software. First, the SRM
mathematical model, the driving circuit
implementation and finally the simulation
results are presented.

2- SRM Mathematical Model

Dynamic analysis comprises the set of
the electrical differential equations of motor
phases and  mechanical  differential
equations, are solved simultaneously (for
appropriate  swilching  conditions) to
calculate the torque and current waveforms.
The instantaneous voltage equation across
the terminal of a phase winding can be
expressed by Faraday’s law as:

. dy
Vdc = Rph 1 + d—t (1
Where;
Vaeo = D.C terminal voltage
Ryn = Phase winding resistance

1 := Phase current
W := Phase flux-linkage

Due to the nature of this motor, saliency and
the effect of the magnetic saturation, the
flux-linkage varies as a nonlinear funciion of
rotor position and the phase current. So
equation (1) can be rewritlen as follows:

dyn(0,in) _ .
S¥n )= Vol ~Rphin (2

Where; n:=varying from | to g
q:= number of phases
the mechanical equations of SRM

de
at ? G
de 1| 8 :

aTTLElT(9=tn) TLJ S

To solve these equations (2), (3), and (4) in
this form to obtain waveforms of phase
currents and torque against time (rotor
angle), it 1s required to define the magnetic
behavior of the SRM in the form of look-up
tables 1(0,y) and T(6, 1) to enable the values
of current and torque of each phase to be
updated afier each step of integration, which
are inserted into right-hand side of the
foregoing equations. Both tables i(6,y) and
T(8, 1) are derived from the input table (8,
i). The table i(0,y) can be obtained by
numerical inverse of the input table (6,
1). Also the table T(0, i) can be obtained by
numerical differentiation using:

\n
T(e,l):awae(e,l)

And the table W' (8, i) can be obtained by
numerical integration using:

G
w' (©,1)= v (0, )di ©
0

3- Driving Circuit
The proposed digital controller circuit
consists of four main stages, as shown in
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Figure (1), to generate the required gating
signals. These stages are:
1. clock pulse generator or
voltage-to-frequency
converter
2. special purpose counter
digital controller
4. signal  interfacing  and
latching

[#S)

Which can be shortly explained as follows:
To generate clock pulses a timer device such
as 555 integrated circuit is arranged in a
circuit of IC555 so as to trigger itself
repeatedly. This is applied for open loop
control, if we desire the closed loop control
another arrangement can be done in order to
get voltage-to-frequency converter. This
converter works as a tachometer. Its output
is a pulse train at a frequency precisely
proportional to the applied tnput. However,
using the clock pulse generator or the
voltage-to-frequency converter the output of
both is a puise train. These pulses are the
input to a binary counter. This counter
generates four output signals as shown in
Figure (2). This counter can be called a
special purpose counter, that generates three
output signals and the fourth used to reset it.
Now, the digital controller will use the
counter outputs to generate three group
pulses. These pulses are used to initialize
mosfet gates. These signals cannot be
directly connected to the electronic power
switches for two reasons. The first is the
power level of these signals is not sufficient
to drive a power switch. The second, and
much important reason, is that the power
switches are located at different volt levels
and they have no common connection. For
these reasons, gate drive circuits are
essentially required, to raise the power level
of these switching signals and isolate the
control and power circuit [16]. Six opto-
couplers are used for all; current amplifier,
isolation and interfacing.

| pechlowpom cowrder

Digitn i cormm Iler
merfuche

Clock pulse grremtor
Oor

Fig.(1): Sensorless digital controller block
diagram,

noid clock LI T T U T T | w un g uwop
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Fig. (2): Input and output of the counter

L

1
Gate ngv'Lnfpﬁ

1
! : >
Gale sigrad of ph-8
VT
1 T —P
| Gatc plgral of ph-C

Fig. (3): The gate pulses of the different
phases

Figure (4) shows the input and the output
signals of the counter in the lab. Figures (5),
(6), and (7) give samples of the gating
signals at different frequencies.
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Fig.(4): Counter input and output signals
Ch.1 5 volt, f= 188 I1z, clock pulse input.
Ch.2 § volt, =94 Hz, counter output
(divided by 2).
Ch.3 5 volt, f= 47 Hz, counter output
(divided by 4).

T

.
.

g - - ——— ——-

I— _ --——---
Fig.(5): Three phase gating signals with
operating frequency 6.75 Hz
Ch.1 phase A gate signal.

(Ch.2 phase B gate signal
Ch.3 phase C gate signal

Fig.(6): Three phase gating signals with
operating frequency 12.5 Hz
Ch.1 phase A gate signal.
Ch.2Z phase B gate signal
Ch.3 phase C gate signal

=4

Fig.(7): Three phase gating signals with
opcrating {requency 25 Hz
Ch.1 phase A gate signal.
Ch.2 phase B gate signal
Ch.3 phase C gate signal

4- Power converter circuit

The power inverter ftopeology is an
important issue in SRM control because it
largely dictates how the motor can be
controllcd. Mosfets are used as the main
switches in the present application, due to
their advantages and their high performance.
Figure (8) shows the proposed power
converter circuit. Its principle of operation
can be summarized as follows;
When the gate signal reaches to switch T
the current will follow in the phase A then to
switch T1' then to the negative side of the
D.C. supply. A duration elapsed empty
without any signals to enable the stored
magnetic energy in the phase A to be
discharged. Then the gate signal of the
switch T2 reaches so it conducts and the
phase B energized then switch T2' The rest
duration appears again till phase B
discharge. Finally the signal of switch T3
reaches making it on and the current passes
through phase C, then switch T3 allows the
current to return to the supply. The rest
duration appears again to discharge phase C
energy. Again the gate pulse of switch T1
appears and so on.
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Fig. (8): The power converter circuit

5- Simulation results

A mathematical model of SRM is
carried out using Matlab/Simulink engine.
Here are some results of the simulation
model, which verify the controller operation.
These results are at the rated speed 750
r.p.m, rated voltage 270 V, switch-on angle
—13.5° (the interpolar point), and the switch-
off angle at 10°. The gate pulses in Figure
(6) present the pulses with frequency equal
12.5 Hz, which corresponds to the rated
speed. These pulses are generated from
clock pulses of 188 Hz see Figure (4).
The results of the simulation are shown in
Figures (9), (10, (I1), and (12).
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Fig.(9): The motor speed Vs. time.
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Fig.(11): The motor torque.
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6- Conclusion

A sensorless digital controller of SRM
has been designed, implemented and tested.
The primary advantages of this controller
are  simple construction, economical
implementation, and can operate in both
open loop and closed loop configurations.
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Interesting practical measurements and
theoretically calculated results have been
introduced and they are in agreement.
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