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ABSTRACT

A new design approach has been applied to a low power transformerless
sinusoidal or DC output voltage uninterruptable power supply (UPS). Theoretical
studies and practical implementation have been made for a resonance circuit operated
at its no load resonance frequency to obtain a constant sinusoidal current through its
load impedance. The resonance tank can be derived through an inverter either by a
square wave voltage at the power network frequency or by a sinusoidal distributed
pulse width  modulated (PWM) voltage at high frequency. The power network
frequency technique is used to minimize the power electronic components and the
PWM technique . is used to minimize the resonance tank size. Theoretical
investigations, practical implementations and experimental work illustrate the
limitations of the circuit design in each case of sinusoidal or DC output voltage. Duality
characteristic of the parallel loaded resonance circuit is studied to achieve many
design flexibility. A special computer aided design program for the UPS simulation has
been carried out on the previous techniques to determine the construction and the
suitable dimensions of the UPS elements in each case study of sinusoidal or DC
output voltage. The transient response of the system has been experimentally
obtained to identify the real system ftransfer function at different loading conditions.
The control strategy and the controller construction have been designed to provide a
good UPS performance. The theoretical and simulation results are validated by the
experimental work.
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INTRODUCTION

Recently the domain of uninterruptable power supplies (UPS's), becomes a
very attractive domain of research. Many attempts [1 - 3] have been considered to
realize UPS. The main target of those papers was the improvement of the switching
performance of power electronic switches. When the resonance circuits are used, the
switching performance may easily be improved. The high frequency is also used to
transfer the energy through a transformer without saturating its core. These types of
UPS's use the transformation ratio to step up the voltage. Therefore, the transformer
is necessary to the UPS operation.

The demand of small size and small power for the UPS's has also recently
increased especially in the microcomputer and its applications domain. Low cost
UPS's are made to deliver a square wave voltage through a transformer at the power
network frequency. Many applications need a sinusoidal or DC operating voltage
instead of the square wave voltage of the low cost UPS's. The aim of this work is the
investigation of a new design to achieve the agreement between the applications need
and low cost UPS. The UPS cost can be divided into two parts, one part is the
transformer cost and the other is the cost of power switches and their centrol circuits.
The square wave voltage UPS uses low cost power switch transistors and simple
electronics to control these transistors. To minimize the cost of the UPS and obtain
an output sinusoidal voltage at the same time, a transformerless UPS has been
suggested, analyzed and realized. In this case, the output voltage of the
transformeriess UPS is a sinusoidal one even when low cost power transistors and
their simple control circuits are used. The step up voltage function of a transformer
can be obtained and easily changed by means of an inverter and a parallel loaded
resonance circuit operating in the constant current mode. The voltage transformation
ratio can be easily changed by means of the inverter duty cycle to maintain the output
voltage constant as an inverse function of the UPS load impedance. Also, many
attempt have been made during this work to reduce the size, weight and cost of the
UPS resonance tank. The high frequency PWM techniques are used to show its
applicability to this type of UPS in DC or sinusoidal output voltage.

This paper deals with the analysis, practical implementation and experimental
verifications of a transformerless sinusoidal or DC output voltage UPS. Theoretical
studies have been made for a resonance circuit operated at its no load resonance
frequency to obtain a constant sinusoidal current through the load impedance. This
circuit is derived by means of a constant square wave voltage delivered by a
transistorized .inverter at the power network frequency. The constant’ current level can
be varied as a functlon of the square wave duty cycle to obtain a constant voltage at
the load impedance terminals. Computer aided deslgn using a special simulation
program has been carried out to determine the constluctlon of UPS and the suitable
dimensions of its elements. The transient response of the real system has been
experimentally investigated to identify the global system transfer function at different
loading conditions. The control strategy and the controller construction have been
designed to provide a good UPS performance.
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'UPS POWER CIRCUIT CONSTRUCTION

Theoretical bases

The main concept in this investigation is to use the behavior of the parallel
loaded series resonance circuit operating in the constant current mode [4]. Operation
of this circuit at its no load resonance frequency delivers a constant sinusoidal current
through the load impedance. Performance, design parameters and some applications
of this circuit can be found elsewhere [4 and 5]. The circuit has a disadvantage of
parallel resonance phenomena between the load inductive reactance and the output
capacitor at certain loading conditions. In this investigation the circuit duality is
proposed, verified and its application is suggested to eliminate the paraliel resonance
phenomena problem. Figure 1 (a) illustrates the parallel loaded resonance circuit
while the suggested dual one is shown in Fig. 1 (b). Application of the same circuit
analysis and operating conditions on these two circuits show that constant current
mode can be equally obtained from each one.
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Fig. 1 The duality principals applied to the used resonance circuit.

Ty

In the case of sinusoidal input voltage, V; has the same circuit no load
resonance frequency F, the constant load current through the load impedance Z| is:

la=Vi/joL (Fig. 1(a) (1)
or
lb=jVioC - (Fig. 1(b) (2)

The parallel resonance phenomena problem mentioned above may be
eliminated when the circuit of Fig. 1(a) is used with inductive load impedance and that
of Fig. 1(b) used with capacitive load impedance.

Equations (1) and (2) can be applied to a resonance tank operated through an
inverter when one replaces V; by the effective value of the fundamental component of
the inverter output voltage. The resistive part of the resonance tank components is
practically small enough to obtain a high Q-factor which in turn filters the frequencies
higher than the fundamental one. '

Practical implementation

An experimental setup of 250 VA UPS's is constructed to verify the theoretical
and simulation results. This prototype is built-up for many UPS configurations, control
strategy and theoretical verifications. Figure 2 shows the UPS experimental setup
circuit diagram. The UPS power circuit consists of four power switch modules each
one is a power switth MOS-FET type with an integrated Zener diode. In most of
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practlcal applications," the: load - power factor is lagging. Aceording to the duality rule
mentioned above, the resonance circuit in this case study is parallel loaded at the
inductor terminals as shown in Fig. 1(b). The resonance tank is made to resonate at
the normal UPS operating frequency. The operating frequency is mainly 50 Hz but
the transistors base derive circuits are made to operate at higher chopping frequency
(20 kHz) to accept the high frequency PWM in certain case study. The power switch
transistors base derive circuits are equipped by an over voitage protection circuit.
This circuit reduces the output high voltage produced due to the operation- at
resonance frequency of the power circuit by reducing the inverter duty cycle. This
phenomenon can take place at no load, suddenly disconnected load or light loading
conditions. This UPS type is characterized by a constant output current at any load
condition including the output terminals short circuit condition. There is no need to
protect the UPS power circuit against the over current or terminals short circuiting. To
control and keep the output voltage constant, a feedback loop must be realized to
compare the output voltage with the input reference. The output voltage is measured
and electrically isolated by an optocupler.isolator. The feedback signal’is rectified
through a high precision rectifier, filtered and smoothed by an RC network. The error
signal is corrected by a PID controller to achieve a high performance output
variables. This corrected error signal acts on the duty cycle of the output of a constant
frequency symmetrical square wave generator, in the case of the most economical
UPS, to keep the UPS output voitage at its desired value. In the case of high
performance UPS, the corrected error signal acts on the amplitude of the output of a
constant frequency sine wave generator.
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Fig. 2 Experimental setup circuit diagram of the suggested UPS‘s

The UPS experimental setup circuit diagram of Fig. 2 is not the most suitable
one in all UPS configurations specially for those which are made for minimum cost.
A half bridge inverter can be used to reduce the cost and complexity of the UPS
power circuit. Although it is appear to be a suitable solution from the component -
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count point of view, the inverters power switch transistors current capability must.be
doubled with respect to the full bridge inverter. As a result, the overall efficiency of
the UPS is reduced and the cost in some cases may be increased. Therefore, a full
bridge inverter will be used in this work for the purpose of investigation only.

SIMULATION PRINCIPLES

The discrete analog simulation method [6] is convenience applicable to linear
or nonlinear control systems. In this method, a discrete system is synthesized to
replace the analogous system so that its signal flow is the same as the original
continucus system signal flow. This property of the simulation method makes it a
powerful one. The simulation designer, using this method, needs to be familiar only
with the original system signal flow. Each block G(s) of a continuous control system is
replaced by a sampler S1, suitable hold type H(s), compensator C(s), the block itself
G(s) and a second sampler S2 to construct the equivalent discrete part as illustrated in
Fig. 3.

: | .0
153} Ofs) —=p- —-[i}b-_s1 H(s} C[Msﬂ_—au S\.___[i].
2

Fig. 3 The construction of the discrete analog system

The circuit shown in Fig. 1(a) can be represented by a block diagram as
illustrated in Fig. 4. The numerical recurrent relations of this block diagrarn using
sampling period T can be deduced as:

VL(n) = Vs(n) - Vo(n) . (3)
where n represents the instant at which the recurrent relations is applied.
Using zero order hold and eST compensator, one obtains:

11(n) = 11(n-1) + [T/L] VL(n) (4)
lc(n) = 11(n) - la(n) )

Fig. 4 The block diagram representation of the circuit in Fig. 1(a).

Vo(n) = Vo(n-1) + [T/C] Ic(n) | (6)
Using zero order hold without cbmpensator, one obtains:

la(n) = e~ [T/RC] i5(n) + [1/R] "[:Vo(n) - Vo(n-1)] (N

By the same manner, the block'diagram shown in Fig. $ ré‘presents the circuit
illustrated in Fig. 1(b). The numerical recurrent relations of this block diagram can be

deduced as:
Ve(n) = Vs(n) - Vo(n) )
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U‘s_ing triéngljlar hold'without compensator, one obtains: -

l2(n) & [1/T] Ve () - Ve(n-1)] N )
IL(nY = 12(R) < Ip(n) - ' - (10)
Vo(n) = [T} [IL(n) - IL(n-1)] (11)

Using zero order hold and esT cbmbensator, one obtains:

Ip(n) = e~ [RTL} Ip(n-1) - [1/R] {e- [RT/L]} Vo(n) (12)
Cs .
RCs+1
'a
T A [ Vo
Ls TS -

Fig. 5 The block diagram representation of the circuit in Fig. 1(b).

THE MOST ECONOMICAL UPS

General description

in the control scheme presented in Fig. 2, the inverter transistors may be
derived to operate at 50 Hz. The resonance tank input voltage is a square wave but it
delivers a constant sinusoidal current to the load due to the effect of high quality
filtration of this tank. Therefore, the output voltage is also sinusoidal and depends on
the value of the load impedance muitiplied by the constant current value. The
feedback signal maintains a constant output voltage at the load terminals by inversely
changing the duty cycie of the inverter square wave input with respect to the load
impedance magnitude. In this case, the UPS delivers a regulated sinusoidal output
voltage. This mode of operation is the simplest one and the UPS is the most
economical one. Because of the low switching frequency (50 Hz), the low cost power
transistors can be used as inverter power switches.

Experimental results

The experimental setup described above has the component valie mentioned
in Appendix A. The load used can be considered as a resistive load because of its low
inductance with respect to its resistance. Therefore, the UPS output terminals may be
obtained across the capacitor or the inductor of the resonance tank.

The experimental input/output characteristic of the UPS (output voltage

versus the duty cycle) is illustrated in Fig. 6. Itis not a linear relation but it is a
sinusoidal relation for duty cycle variation from 0 to 1.
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Fig. 6 The economical UPS input/output characteristic.

The economical UPS circuit variables are experimentally measured and
illustrated in Fig. 7. The plotted curves shown can be described as:
plot (1): represents the voltage across the transistor T4 with 5 V/div.
plot (2): illustrates the current through the transistor T4 with 2 A/div.
plot (3): illustrates the current through the transistor To with 2 A/div.
plot (4): represents the voltage across the capacitor (load) with 50 V/div.
The time base is 5 ms/div.

Another type of the economical UPS circuit variables are experimentally
measured and illustrated in Fig. 8. The plotted curves shown can be described as:
plot (1): represents the voltage across the load terminals with 20 V/div.
plot (2): illustrates the current through the load resistance with 2 A/div.
plot (3): illustrates the current through the capacitor with 2 A/div.
plot (4): illustrates the current through the inductor with 2 A/div.

The time base is 5 ms/div.

NB:  The experimental work has been carredout with a power supply has a current
protection. This power supply output capacitor filter did not accept the long time
period of 50 Hz operation of the UPS. Therefore, the current limitation is not due to
the capability of the UPS but due to the output capacitor filter of the power supply.

Because of the natural resistance of the normal components used inthe
resonance tank and the power switch transistors, the no load resonance current is
Jlimited. This limited current flow through the capacitor or the coil impedance gives a
limited UPS terminal voltage. In our UPS construction we found that the step up
voltage ratio is of the resonance tank limited to about 10 times.

The main drawback of this economical UPS is its input/output nonlinear
characteristic. Our concept is to design a PID controller of this UPS type. A duty
cycle controlled symmetrical square wave generatoris implemented to test the PID
controller effect on the system output voltage performance. This control strategy is
simulated, implemented and experimentally tested. Although the system non linearity,
the designed PID controller achieves a wide range around the half load operating
point.
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HIGH PERFORMANCE UPS

General description

To reduce the size of the resonance tank components at one side and
eliminate the nonlinear input/output characteristic of the UPS at the other side, a
PWM technique has been applied to the UPS inverter. The resonance tank is
modified to resonate at the PWM high frequency. Appendix B summarizes the UPS
components values.

To apply the PWM technique on this type of UPS, a special circuit must
replace the duty cycle variator. This circuit produces a sinusoidal distributed PWM
pattern to drive the inverter power electronic switches. Figure 9 illustrates the
construction of the sinusoidal distributed PWM pattern generator. In this generator,
the frequency of the triangular wave is the PWM chopping high frequency and that of
the sine wave is the operating frequency (50 Hz). The amplitude of the UPS output
voltage depends on the ratio between the sine wave amplitude and the triangular
wave amplitude. The input/output characteristic in this case is a linear relation. Itis
also found that if a triangular wave is used instead of the sine wave, the envelope of
the UPS output voltage will be also a sinusoidal one. The generation of the triangular

wave is more easy than the generation of the sine wave.

TRIANGULAR WAVE -~
GENERATOR B0

- BASE +—> BDC2

> DERME

+ SIGNALS = BDC3
CNTROL VARIABLE AMPLITUDE
»+—» CONSTANT FREQUENCY > BDC4
SIGNAL SINE WAVE GENERATOR

Fig. 9 The sinusoidal distributed PWM pattern generator.

Experimental results

The UPS outpit- voltage in the' PWM case is illustrated in Fig. 10. ‘It is the
chopping high frequency modulated by a sinusoidal envelope at the operating
frequency. The plot shown in Fig. 10 represents the UPS output terminal voltage as a
function of time. Voltage scale is 50 V/div. Time scale is 2.5 ms/div.

A selected variables of the PWM UPS are shown in Fig. 11. The plotted
curves can he explained as:

plot (1): represents the voltage across the transistor T4 with 10 V/div.
plot (2): illustrates the current through the inductor with 5 A/div.

plot (3): represents the voltage across the capacitor (load) with 100 V/div.
The time base is 10 us/div. '
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This type of output voltage may be used as an AC sinusoidal voltage voltage
through full bridge rectifier and another inverter operated at the low frequency (50 Hz).
This type of circuits cannot recover the load reactive energy. Therefore, it is used
only in the case of pure resistive loads. It can be mentioned here that; a special type
inverter may be used to drive the non resistive loads [3}: “The UPS output.voltage and
current are shown in Fig. 12. ;Thepl"(f)_iﬁt;éd curves shown can be described as:

plot (1): represents the 'voltage across the load terminals with 100 V/div.
plot (2): illustrates the current through the load resistance with 500 mA/div.
The time base is 2 ms/div.

The time base stretched window shows the same load voltage and current of
the marked area on plots (1) and (2) as illustraied below:

plot (3): represents the voltage across the load terminals with 100 V/div.
plot (4): illustrates the current through the load resistance with 500 mA/div.
The time base is 20 ps/div.

Using high frequency resonance tank in the UPS power circuit has the
advantages of small size, light weight and low cost. The DC output voltage UPS can
pe constructed using the high frequency resonance tank. One type of DC output
voltage UPS is experimentally tested during this work. The high frequency AC voltage
across the UPS resonance tank terminals is rectified through a full bridge rectifier and
filtered by a capacitor filter. This type of UPS gives the results shown in Fig. 13. The
plotted curves can be explained as:

plot (1): represents the voltage across the load terminals with 50 V/div.
plot (2): illustrates the current through the joad resistance with 500 mA/div.
plot (3): illustrates the current through the capacitor filter with 2 A/div.

plot (4): illustrates the current through the inductor with 2 A/div.

The time base is 10 gs/div.

To identify the global UPS system, a step response has been extracted at a
partial load without output filter. The UPS response for the load voltage and current
are shown in Fig.14. The plotted curves shown can be described as: '

plot (1): the step input voltage is the standared TTL voltage with 5V/div.
plot (2): represents the voltage across the load terminals with 100 V/div.
plot (3): illustrates the current through the load resistance with 500 mA/div.
The time base is 200 ps/div.

Another identification response has been extracted for the UPS output voltage
andcurrent with an output capacitor filter. This response is iltustratd in Fig. 15. The
plotted curves can be explained as:

plot (1): the step input voltage is the standared TTL voltage with 5V/div.
plot (2): represents the volitage across the load terminals with 50 V/div.
plot (3): illustrates the current through the load resistance with 200 mA/div.
The time base is 500ps/div.

The system response shown in Fig. 14 and Fig. 15 are used to extract the
necessary system parameters to calculate the PID controller settings. Ziegler and
Nichol's method is applied to the UPS controller. The system performance is
improved due to the application of designed PID controfler. '
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Fig. 14

Fig. 15




.CONCLUSION

This paper has demonstrated the application of a new design approach to the
low power UPS in order to obtain a low cost transformerless UPS. This design
technique can be applied to both the sinusoidal or DC output voltage . Theoretical
studies, practical implementation and experimental work have been presented to show
the use of a parallel loaded resonance circuit operated. at its no load resonance
frequency. The circuit duality of the resonance tank has been suggested and
discussed. Application of the circuit duality gives design flexibility and eliminates the
parallel resonance between the load, which is normally inductive, and the.resonance
tank output capacitor. Two techniques were applied to drive the resonance tank
inverter. The first is the operation at the power network frequency (50 Hz). The
second is The PWM technique at a high frequency. A low cost sinusoidal output
voltage UPS was implemented and experimentally tested using the first technique.
The output voitage of this UPS can be regulated. However, the step up voltage ratio
is limited to about 10 times due to the natural resistance of the normal components
used. The second technique has been used to reduce the size, weight and cost of the
resonance tank. In this case, the UPS was used as an AC sinusoidal voltage for the
resistive loads. - The high frequency resonance tank was used to implement a DC
output voltage because of its advantages. The system response and parameters were
experimentally extracted to design the suitable controller for each implemented UPS.
A special computer aided design program for the simulation of each UPS has been
used in this work. Each program was used to determine the construction and suitabie
dimensions the UPS components. An acceptable accordance among the theoretical,
simulation and experimental results during this work.
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APPENDICES

Appendix A

The components of the most economical UPS are:

1. The resonance tank inductor used is an air core coil that has
(a) inductance L = 54.7 mH.
(b) resistance R|_= 4.8 Q DC measured.

2. The resonance tank capacitor is non polarized one that has
(a) capacitance C = 184.5 uF at 10 kHz.
(b) resistance Rg = 0.095 Q at 10 kHz.
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3. The load is a wire wound resistance that has
@ resistance R g = 91.9 Q DC measured, R g = 93.74 Q at 10 kHz.
(b) self inductance L q = 2.6 mH.

Appendix B

The high performance UPS has aresonance tank that was made for a high
frequency operation. The coil of this resonance tank is an air core one that was made
from Litz wire to eliminates the skin effect. This type of wire has the following
construction: {200 isolated wires of 0.07 mm diameter which gives 0.77 mmZ2 and 1.5
mm external diameter}.

1. The resonance tank inductor used has
(@) inductance L = 154.8 mH.
(b) resistance R|_ = 0.234 Q DC or 10 kHz measured.
2. The resonance tank capacitor is non polarized one that has
(a) capacitance C = 473.5 nF at 10 kHz.
(b) resistance Rg = negligible at 10 kHz.
3. The load is a wire wound resistance that has _ _
(a) resistance R 4 = 188.0 Q DC measured, or R ¢ =191.5Qat 10 kHz.
(b) self inductance L 4 = 5.55 mH at 10 kHz. '
. Capacitor filter in the case of DC output voltage UPS is non polarized one that has:
(a) capacitance C = 1.035 pF at 10 kHz.
(»)) resistance R¢ = negligible at 10 kHz.
. Inverter and resonance tank operating frequency is 18.50 kHz.
. Load operating frequency in the case of sinusoidal output voliage UPS is 50 Hz.

n
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