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Abstract - A stabilized single phase electronic step-
down autotransformer with improved switching
characteristics is presented in this paper. It employs bi-
directional switches in a four step PWM switching
strategy for commutating inductive load currents. A
low cost microcontroller is employed simplifying the
control circuitry, giving robustness and reliability. A
600VA-220V/110V prototype operating at 18kHz has
been built, and experimental results are presented

overvoltage across the switches.

Passive snubbers have been used to reduce the switch
commutation losses. They provide an alternative path to
the load current during the dead time [3]. However, the
snubber power losses reduce the AC controller efficiency.

In spite of the overvoltage reduction across bi-
directional  switches, some differences between
instantaneous input voltage and snubber capacitor voltage
produces high current circulation through bi-directional

switches. This short-time current circulating in the
structure generates overvoltage in the switches of
unacceptable values. A clamped circuit can be necessary
to keep the voltage in an acceptable value [7].
Autotransformers are used in electric power conversion A four Step Switching Strategy for PWM Operation of the
systems to provide voltage transformation, mainly whemj-directional switches in AC controller has been proposed
electric or electronic equipment have an input voltaggor commutating inductive load current [2]. This technique
different from the available mains voltage. allows a safe current transition from one bi-directional
At low frequencies (50/60Hz) an autotransformer is bulkswitch to other. Meanwhile, it uses a very complex logic
and heavy, which is an disadvantage for transportation. lintrol and switching losses are not avoided [3].
Welght and size are a function of the flux density of the This paper proposes a modified control approach respect
core material and maximum allowable core and Wlndlnghat proposed by [2] in order to reduce Switching losses.
temperature Operation. The transformer size is inverSGdeitiona”y, the imp|ementation is S|mp||f|ed by using a

proportional to frequency and increasing the frequencipw-cost microcontroller, which easily allows to
allows the utilization of ferrite core, which reduces thejmplement an stabilization loop.

autotransformer weight and size [1].

AC controllers are widely used in applications such as
industrial heating, lighting control, induction motor drives
for fan and pump load, inrush current limiting of induction The proposed four step switching approach is shown in
motors, and voltage stabilizers. They can be also employédg.1, from which one can notice that two switch gate
in order to achieve an electronic autotransformer [2]. drives are maintained in high level during a half-cycle of

Conventional AC controllers are based on phase contrdhe input voltage (the topology is shown in Fig. 2). As can
type, employing thyristors as switching devices. Howeverhe seen, during the positive half-cycle of the AC input
this rms voltage control method leads to a high harmonieoltage, the switches @ and Qg are kept on, whereas in
content in the output voltage. Also, it produces highhe negative half-cycle the switches;nGnd Q, do so.
harmonic content in the utility line current reducing theThis strategy reduces the switching losses compared to that
input power factor of the AC controller respect to the loagresented in [2].

[2,3]. vin

The AC controller problems can be avoided by using
gate turn-off switches in a Pulse Width Modulation control
[4,5]. This technigue presents several advantages,
including: high quality input current and output voltage
waveforms, same input and output power factor over a
wide load and input voltage range.

Nowadays, fast turn-off switches as MOSFETs and
IGBTs can be used to perform AC controllers with PWM
control [6,7]. These AC controller schemes require a dead
time between the bi-directional switches to avoid short-
circuit in the mains side. However, by using a dead time
the inductive load current is interrupted, causing

validating the AC controller operation.

| — INTRODUCTION

Il — THE PROPOSED FOUR STEP SWITCHING STRATEGY

Fig.1 — Proposed four step switching strategy.



Il = STABILIZED ELECTRONIC AUTOTRANSFORMER 15t Stage (6, tl): at instant ¢, the switch @, is turned on.
This Q4 command do not affect any operation condition

The power stage of the stabilized electronicquring this stage. The output filter inductor curranisi

autotransformer is shown in Fig.2. It employs an ACmaintained freewheeling through switchgQand by the

controller with LC input and output filters in order to pody diode of @. The parallel switch voltagesyis equal

eliminate high frequency harmonics. to the input voltagea¢. The equivalent circuit of this stage
v is shown in Fig. 4a.
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L1 I L2 and this action do not affect the™ 1stage operation
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B 2 c2| |'° 3". Stage (4, t3): at instant 4, the switch @, is turned on,
‘sm establishing a freewheeling path to The body diode of
Qua is turned off, and the parallel switch voltage, v
= e become equal to zero. This stage ends at insjamhen
Fig. 2 — The power stage of the electronic autotransformer. the switch Q, is turned off and the voltagesybecome
equal to the input voltage,y. The equivalent circuit of
A. The Principle of Operation this stage is shown in Fig. 4c.

The AC controller operation supplying an inductive load During the 4. Stage ¢ To, the AC controller
can be explained by using the Fig. 3. As can be seen, taecomplish a operation condition as described by the 2
AC controller operation can be divided in four differentStage. In this time interval, the output filter inductor
regions as a function of the AC input voltage and the AQurrent | circulate through switch @ and by the body
output current. diode of Qa, as shown in Fig. 4b. Besides that, the parallel
switch voltage ¥, becomes equal to the input voltage.v

The main waveforms for this commutation process are
shown in Fig. 5.
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Fig. 3 — AC controller region of operation in function of Vac and i
QIB
In order to simplify the analysis the following r
assumptions are made: Yac HO)
- all switches are ideal; Q)”_K
- the input filter capacitance ;Gs large enough to (b)

consider that capacitor as a voltage source in a switching
period;

- the output filter inductance ,Lis large enough to
consider that inductor as a current source in a switching

period. Vac
Based on the above assumptions, a half-cycle of the AC

controller operation at the line frequency can be divided in

two regions: A and B. It was considered the positive semi-
cycle of the AC input voltage, as shown in Fig. 3.

Fig. 4 — Operation stages for region A commutation process
to turn S off and to turn Son.

B. Region A Operation Stages C.Region B Operation Stages

The AC controller commutation in this region includes The AC controller commutation in this region also
four operation stages. The commutation process to turn thecludes four operation stages.
bi-directional series switch ;Soff and to turn the bi- The four steps to turn the series switglo8 and to turn
directional parallel switch ;Son, consist of four steps, the parallel switch Son, shown in Fig. 6, are described as
shown in Fig. 4, which are described as follows: follows:



During the 4. Stage ¢ To), the AC controller also
accomplish a operation condition as described by the 2
Q1A Stage. The output filter inductor current freewheels
through the parallel switch,Sswitch Qg and the body
diode of Q,), as shown Fig. 6b, and the parallel switch

I '
] : 1
Q18 | v voltage \; is equal to zero.
[ o The main waveforms for this commutation process are
| : also shown in Fig. 5.
Q2A I I
— : IV — RELEVANT ANALYSIS
— |-
I
Q2B - U The parallel switch voltage as a function of the duty
- : : ratio, is given by:
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. T — where:
0 _ 12 8 s Vs, — is the rms voltage of the parallel switch;
Fig. 5 — Main waveforms for the commutation process. Vac — is the rms input voltage;

d —is the AC controller duty-cycle;
ts1 — is the series switch on-time;
Ts—is the switching period

1%, Stage (4, t1): at instantg, the switch @, is turned on,
which turns the body diode of ,Q off. The inductor
current | starts to circulate through the series switch Q
The voltage v, become equal to zero. The equivalent aq can e seen from Fig. 5, thedeviation in Region A
circuit of this stage is shown in Fig. 6a. and B is due to the switches turn on and turn off times.

2", Stage (1, to): at instant {, the switch @, is turned off, pe-lr—fr;?r:é%h firr?q%?32¥ otuot purtegtireﬂ:ﬂ?é) dr(zsalgtri]vganpt())(\e/ver
providing a freewheeling path te through the parallel o irements, according to the procedure described in [8].
switch Q. The body diode of @ is turned off, and the Therefore, the rms voltage acrosg dnd the rms current
parallel switch voltage & become equal to zero, as Shownthrough G, in 60Hz (line frequency), can be neglected.

in Fig. 6b. The rms output voltage Mcan be considered equal to
the rms voltage of the parallel switchy/since \(, rms, in
60Hz, is neglected. In addition, the rms output filter
inductor current,l can be also considered equaldosince

i lc2 is neglected too.

Ay

i
—L 5
0

L 07\,
Vo

3. Stage (4, ts): at instant, the switch @, is turned on,
the switch Q, is turned off, and this action do not affect
the 2. stage operation condition, as shown in Fig. 4c.
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where:
P, — is the rms output power;
Vo — is the rms output voltage;
lo — is the rms output current;
I_ — is the rms output filter inductor current.

The series and parallel switches are always conducting
in a complementary way, which results in the following
equation:

IL:V|521+|822 (4)

where:
Is1 — is the rms current of the series switch;
Is,— is the rms current of the parallel switch.

The series and parallel switch currents as a function of
the duty ratio can be obtained in a straightforward way as:

l,=1./d (5)

Fig. 6 — Operation stages for region B commutation process | =] /(1_ d) 6
to turn S1 off and to turn S2 on. s2 7 L (6)




IV — AC CONTROLLER CONTROL CIRCUIT V — DESIGN EXAMPLE

The AC controller control circuit is shown in Fig. 7. Itis  An AC controller design example is presented next.
based on a microcontroller from Microchip Technology
Inc. PIC family 16C71. It is a low cost and high a) Input Data:
performance microcontroller, that employs CMOS
technology and has a RISC type architecture. Also it can - rms AC input voltage: \c = 220V +/- 10%, 60 Hz;
be programmed in C or Assembly languages. This - output power: P= 600VA,;
microcontroller presents I/O ports capable of handling up - rms output voltage: /= 110V
25mA current (input) and 20mA (output), what - switching frequencysf= 18 kHz;
significantly reduces the need for extra interface circuits,
such as buffers [9,10,11]. b) AC controller parameters:
The microcontroller acquires 20 output voltage samples
in each half-cycle of the line voltage, which are changed to Equation (1) shows that by adjusting the AC duty-cycle
digital form by an A/D converter. These samples arghe rms output voltage can be stabilized. Also, from this
computed by the microcontroller to obtain the half-cycleequation one obtains:
mean value of the output voltage. The output voltage mean

value is converted to the rms value. 110
In order to maintain the rms output voltage stabilized, d,, =Em§ =02
the microcontroller performs a Pl regulator, in each zero '
crossing of the input voltage, by using the rms value of the

d_ =20 H-ooa1
output voltage of the latest half-cycle. The results is used "~ tpoq9) H ™
to define the duty-cycle of the current half-cycle.

From equations (3), (5) and (6) results:d 5,45A,
ISlmax: 3,03A, and éZmax: 4,87A
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Fig. 7 — AC controller control circuit.
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In order to validate the proposed stabilized single phase
electronic autotransformer a 600VA prototype has been
built to meet the input data specifications. It converts the S
220V rms of the utility line to a stabilized output of 110V M

rms.
The main parameter and components are the following: *1 m ]
0

- switches: IGBTs IRG4PC50UD (IR); s 3 4 s 6 7 8 o 10 1 12

- input filter: Ly = 2.3 mH and €= 10uF; Fig. 11 — Output current harmonic content.

- output filter: L, = 2.3 mH and €= 2.4F;

The experimental waveforms obtained for a inductive The experimental waveforms obtained for a resistive
load are shown in Figs. 8 - 11. The high frequency voltagl®ad are shown from Figs. 12 to 18. The AC controller
across the bi-directional parallel switchi$ shown in Fig. input waveforms are shown in Fig. 12, whereas the output
8. The AC controller output waveforms,(\,) are shown voltage and current are shown in Fig. 13.
in Fig 9, whereas Fig. 10 shows the output voltage The bi-directional series switch waveform at line
harmonic content and Fig. 11 shows the output currefitequency is shown in Fig. 14.
harmonic content. From the results shown in Figs. 9, 10
and 11 one can see the high quality waveforms produced

by this electronic autotransformer. TeiRum 25.0K5/5 Sample | Trigd
Tek HIH 25.0kS/s 27; Achs‘
S Vac

: ‘\ ‘ N .
| il RN IR
1 “l‘l‘ " “ ‘“\ Lij N
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Fig. 12 — AC controller input waveforms for a resistive load:
Vac(100V/div) and ic (5A/div). Time scale: 2ms/div.
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Vs, (100V/div), time scale: 2ms/div.
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f Fig. 13 — AC controller output waveforms for a resistive load:
E . vo(50V/div) and § (5A/div). Time scale: 2ms/div.
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Fig. 9 — AC controller output waveformsy(50V/div) and i y
io (5A/div). Time scale: 2ms/div. |
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The series switch high frequency waveforms, (v;) are

Finally, the output voltage and current for load

shown in Fig. 15, whereas the parallel switch waveformshanges are shown in Fig. 17 (load increase) and Fig. 18

(vs2 Isp) are shown in Fig. 16.
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Fig. 15 — Series switch high frequency waveforms:
vs1(100V/div) and &, (5A/div). Time scale: gs/div.
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Fig. 16 — Parallel switch high frequency waveforms:
vs(100V/div) and ¢, (5A/div). Time scale: fas/div.
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Fig. 17 — Output current and voltage (peak) response for a step load

(inserting): ¥(10V/div) and 4 (10A/div). Time scale: 50ms/div.
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(load reduction). The output voltage caption concerns to its
peak value (10V/div), showing that the AC output voltage
is controlled and presents a minimal variation.

VIl — CONCLUSION

This paper introduces an improved four step strategy for
PWM operation of the bi-directional switches in an AC
controller. By using this approach a stabilized single phase
step-down electronic autotransformer is obtained, which
presents low switching losses and inductive load current

commutation capability. The control circuitry is simplified
employing a low cost microcontroller increasing the AC
controller reliability. Experimental results validating the
AC controller operation have been obtained for a 600VA
prototype operating at 18kHz, which transforms 220V rms
of the utility line to a stabilized output of 110V rms.
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