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Abstract — A family of double conversion three-phase
uninterruptible power system with power factor
correction and high-frequency transformer (HFT)
isolation topologies is presented in this work. This might
be an alternative compared to large conventional UPS
systems that are based in bulky transformers that
operates in the grid frequency. These systems are suitable
for operation with line-to-line input voltages equal to 220-
V or 380-V. For both input voltages, the proposed
converter has almost the same efficiency processing the
same output power. The three-phase HFT UPS used for
further analysis is composed by single-phase chopper
modules, one three-phase boost module, and one three-
phase inverter. The relevant features are soft
commutation of the controlled switches in the chopper
stage, simple control strategy that can be implemented
with well-known integrated circuits (IC), and the use of
few batteries in series due to the same reference of the
step-up stages. Principle of operation of the chosen
system for experimental validation, implemented control
strategy and experimental results obtained for a 15kVA
prototype are presented.

Keywords - High-frequency Transformer Isolation,
Power Factor Correction (PFC), Three-phase
Uninterruptible Power Supply.

1. INTRODUCTION

Nowadays uninterruptible power systems (UPS) are
recommended not only to provide reliable power for critical
loads but also to serve as support for implementation of
distributed generation (DQG), regarding the interfacing of
renewable energy sources or as distributed energy storage
systems integrated to the grid. Due to the DG concept
growing in importance, is expected that the future utility line
will be formed by distributed energy resources and small
grids interconnected between them [1]-[3].

The variable nature of some renewable energy systems,
such as photovoltaic (PV) or wind energy require the
utilization of an additional energy system, when is desired to
supply the local loads with reliable power. In this situation
distributed energy storage systems can be used, such as flow
batteries, fuel cells, flywheels, superconductor inductors, or
compressed air devices [4].

The true on-line UPS configuration is recommended for
most of applications due to its immunity to the most of
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disturbances from the grid. This is the most reliable UPS
configuration due to its capacitor tank in the DC bus and it
also provides total independence between input and output
voltage amplitude and frequency, and, thus, high output
voltage quality can be obtained [5].

Most of true on-line UPS operates with a low frequency
transformer using a silicon-steel core. In this configuration, it
is normally required an isolating transformer for proper
operation of the bypass circuit and also to improve reliability
of the system, since the transformer offers a galvanic
isolation to the load from undesirable disturbances of the
grid. Such transformer is placed at the output employing the
delta/wye connection [6]. The addition of such magnetic
component increases both weight and volume, and also adds
cost and difficulties in the transportation to the installation
site.

Transformerless UPS incorporating a common neutral bus
line could be a solution to improve power conversion
efficiency, volume and weight reduction [7]-[10]. Although
this UPS topology offered a way to obtain these advantages,
these types don’t provide isolating to critical loads, such as,
medical instruments.

The high frequency transformer isolation (HFT)
technology could be used when the desired feature of the
UPS is weight and volume reduction of the transformer
isolated based equipment [11]-[17]. In order to implement
this technique is required the addition of more power
conversion stages. Thus, it reaches a final energy conversion
efficiency lower compared to conventional available UPS
solutions.

Considering the constant development of semiconductor
industry, advanced technology on topology, core of
transformer, and soft switching is expected that this solution
could be used in the next generation UPS or solid-state
transformer (SST) applications [18].

In this work the three-phase HFT based UPS technology
were considered in the topologies proposals in order to
obtain final equipment with a smaller size and weight. The
concept is to use modular converters for higher output power
combining the advantages of single-phase topologies and
avoiding the direct connection of the battery bank through
the dc-link.

II. HFT UPS ARCHITECTURES REVISION

Several HFT UPS topologies were proposed in the
literature but almost of them are single phase approaches
[11], [15], [16], [17]. For this work, the literature revision
focus was the three-phase HFT converters. A common
important feature is the power factor correction and the
reduced voltage stress across the active semiconductors.
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Such features can be achieved by using suitable topologies
and control techniques.

In [19]-[22] are proposed three-phase rectifiers with one
transistor based on flyback and Cuk converters operating in
discontinuous and continuous conduction modes, that can be
used for the development of UPS topologies. The advantages
are the simple structure of power circuit and of the control
circuit. Drawbacks of these proposals are the output power
limitation and low efficiency. For high power systems, in
[23] was proposed some three-phase rectifiers.

These rectifiers are named Vienna rectifier II. They are
also suitable for applications such as telecommunication
rectifiers and UPS systems. As main features it presents a
simple structure of the power and control circuit (the
described control can be realized in purely analog fashion)
and as drawbacks an unfavorable transformer dimensioning
for a wide variation range of the input and output voltages.

Single-Phase HFT
Choppers

Phase A

Other technique found to implement three-phase rectifiers
is the association of single-phase high frequency isolated
converters, also, named three-phase rectifier based on
modular technique was proposed in [24] and [25]. The first
one was based on high frequency isolated series resonant
converters, and the second one was given by two boost
stages and full-bridge converters. The modular circuit
arrangement improves the hardware implementation and
simplifies the control circuitry. However, such proposals are
intended for telecommunications applications that differ from
the UPS specifications.

In order to obtain the proposed UPS topology is important
to analyze the block diagrams shown in Figures 1 and 2.
Such simplified blocks propose power converters stages with
modularity characteristic. Due to this fact a higher power
HFT UPS system could be implemented by using

semiconductor power modules that improves power density.
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Simplified block diagram of a three-phase high frequency isolated UPS with the battery bank connected in the primary side of the
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Also considering the block diagrams, two arrangements
are proposed to connect the battery bank in a HFT UPS.

The first one shown in Figure 1 consider the battery bank
connected in the secondary side of the HFT and the other one
shown in Figure 2 consider the battery bank connected in the
primary side of the HFT. The idea in both proposals was to
use the same online power converter to raise the battery bank
voltage up to a suitable voltage level. The concept proposed
in Figure 1 presents the advantage of only one required
battery bank and higher efficiency due to the reduced amount
of power processing devices that operates in the battery
powered mode. However, in this case the battery bank is
non-isolated from the load and it could be a drawback when
a fault occurs in the semiconductors of the power stage, and
as a result a dc voltage could be applied to the load.

The second concept shown in Figure 2 presents the
advantage of the battery bank isolation from the load.
However, the efficiency is compromised in the battery
powered mode and it is required three separated battery
banks due to the different references connections in the
primary side. If this concept were adopted the battery charger
required must have three-isolated outputs or three-isolated
battery chargers. Such options must be carefully evaluated.

Considering as reference the block diagrams shown in
Figures 1 and 2, several three-phase HFT UPS topologies
could be obtained by choosing the classical converters shown
in Figures 3, 4, 5 and 6.

Thus, a topology example based in the first concept is
shown in Figure 7. This topology was chosen to be further
analyzed in this work due to its relevant characteristics such
as: lower weight and size, modular topology, simple control
strategy, only one battery bank with few batteries in series
connection, and soft-switching techniques implemented in
some power stages.

Another topology example related to the second concept is
shown in Figure 8 and will be fully investigated in a future
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research. It could be an interesting solution for the on-line
operation mode when the grid voltage is under normal
conditions, so it could present a higher efficiency for this
mode compared to the topology presented in Figure 7.

So, in addition to previously presented topologies other
topologies could be generated by the two concepts and others
applications could be reached such as SST implementation,
by modifying the unidirectional power flow characteristic of
such proposals.

By realizing a qualitative analysis of both proposed
concepts based on previously descriptions, it could be
concluded that the first block diagram which implementation
topology is shown in Figure 7, presents more advantages
than the second one such as: only one required battery bank
and charger, simple control strategy and easier way to
implement soft-switching techniques. Then, the first concept
is chosen for this analysis and experimental validation.

III. PROPOSED UPS CIRCUIT

A. Topology Description

The proposed UPS shown in Figure 7 is composed by the
following converters: three single phase full-bridge choppers,
a three-phase boost converter, a three-phase voltage source
inverter and a balancing half-bridge leg. The proposed
system could operate with either 220V,, or 380V, line-to-
line input voltages, and three-phase 220V, line-to-line
output voltage [12], [13].

The operation with two input voltage levels, the cascaded
operation of the chopper and the boost stage, and the
possibility of achieving soft commutation of the chopper
switches using coupled inductors were achieved in [11] and
[26]-[28].

B. Chopper Stages

The three choppers are open-loop controlled using PWM
signals generated by the DsPIC microcontroller. The
simplified control block diagram is shown in Figure 9.
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Fig. 8. Proposed three-phase HFT UPS topology based in the block diagram concept shown in Figure 2.
The simultaneous operation of the choppers allows the The choppers controlled switches are driven with fixed

current sharing through the modules due to the implemented  duty cycle (D=0.5). The control strategy allows the
control strategy in the boost stage that is closed loop  application of high frequency voltage pulses to the primary
controlled. windings of the isolation transformer 7, enabling the use of a
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Fig. 9 Control block diagram of the chopper stages.

high frequency transformer. The choppers must be designed
using the mathematical theory presented in [11].

C. Boost Stages

The three-phase boost converter module is connected to
the output of the choppers, and is controlled using
conventional average current mode control implemented with
the well-known PWM IC UC3854B [29]. Each phase of the
boost converter is controlled using your own IC, shown in
Figure 10. The voltage reference is obtained from input line-
to-neutral voltages. In order to provide a good current
sharing and operation stability through the boost circuits, the
sawtooth of each integrated circuit are synchronized.

Using this current control technique, the power delivery
by each phase is equal, then the neutral displacement voltage
is zero and the system will not present any over or under
voltages [25].

The three-phase boost converter main functions are: the
power flow control in each input phase module, the dc-link
bus voltage 1V}, control, power factor correction, and
stepping up the battery voltage up to the dc-link bus voltage.

Additionally, this stage provides an active filtering to
block the pulsating current of the nonlinear load (i.e. the
inverter stage) from the battery bank.

D. Voltage Balancing Control Circuitry

When three-phase voltage source inverters are used to fed
non-linear loads, the output neutral point of the wye, must be
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Fig. 10 Control block diagram of the boost stages.
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connected to the middle point generated by two capacitors in
series connection, as shown in Figure 7. The indicated
capacitors are unbalanced when an asymmetrical non-linear
load is connected to the output of the inverter. To regulate
the voltage across the capacitors C3 and C4, it is used an
auxiliary circuit, which is also shown in Figure 7. The
auxiliary circuit is a bidirectional buck converter. The control
block diagram of the balancing circuit is shown in Figure 11.
The balance circuit has a ground in the middle point of the
capacitors, which is also the neutral point of the inverter. The
voltages are sampled across the both capacitors and send to
the adder, and the resultant signal is compared with a null
voltage.

The error signal is send to the compensator and the control
voltage is compared with separate two triangular carriers as
shown in Figure 11. Compared to the utilization of the four-
leg voltage source inverters [30] used for the same purpose in
literature, it presents the same number of active switches, and
the current circulating through the controlled switches is
lower. Thus, it results in a higher efficiency and a simple
control circuit implementation.

E. Three Phase Inverter Stage

In this application a three-phase voltage source inverter is
chosen due to its modularity, conventional control
implementation and operation [31]. This power stage is also
shown in Figure 7.

The control block diagram is shown in Figure 12. The
line-to-neutral voltage per phase is sampled and controlled
using your own compensator circuitry. The reference voltage
of each phase has the same amplitude and is phase-shift from
each other in 120°. This reference voltage signals are
generated using a quadruple 8-bit digital-to-analog converter
with serial interface (TLC5620), controlled by a DsPIC
microcontroller and synchronized with the utility voltage
[32].

F. Battery Charger Stage

The battery charger is based on isolated half-bridge DC-
DC converter, as shown in Figure 7. The converter operates
in continuous conduction mode (CCM) of the current
through the filter inductor, and is supplied by the dc-link bus
capacitors. The control scheme of the battery charger is
shown in Figure 13. The implemented control has one
voltage and one current control compensator, where, both
operates using the OR logic. In this application the battery is
charged under constant current controlled by the current
regulator.
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Fig. 11 Control block diagram of the balancing circuit.
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For this application, a thyristor St associated with a
passive snubber was used to connect the battery bank thought
the on-line power circuitry during the battery powered mode.
Switch St is turned on when the ac mains voltage is null or
out of the input voltage range and it is turned off when ac
mains voltage is within the desired limits.

IV. EXPERIMENTAL RESULTS

A. Developed System Specifications

The proposed UPS concept is verified in experimental
prototype with main specifications shown in Table 1. The
switching frequency for the chopper and boost stage modules
is assumed f=30kHz. The switching frequency for the three-
phase inverter stage is assumed f=20kHz.

A photograph of the experimental prototype is shown in
Figure 14. As can be seen, it is divided into four levels: from
top to bottom are shown the three-phase inverter power and
control circuitry, the magnetic components used in the three-
phase inverter, the chopper-boost phase modules and control,
and finally the magnetic components used in the chopper-
boost modules.

The battery bank isn’t shown in this figure and it’s
supposed to be mounted in an external rack. In this first
assembly the main objective was to validate the topology.

A second project is still in progress in order to design a
compactness assembly with the power modules mounted in a
rack type structure and optimization of magnetics devices
and adopted semicondutors.
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TABLE 1
Developed Three-Phase HFT UPS Specifications

Input Voltage 3¢ (line-to-line) Vi =220 Ve / 380 Ve £15%

Output Voltage 3¢ (line-to-neutral) Vy=127V,

DC-link bus voltage Vius = 400 Vdc (200V + 200V)

Grid Frequency f,=60Hz

Output Power Capacity So=15kVA

Output Frequency fo=60Hz

Input Power Factor 0.99

Output Power Factor 0.7

iumber of Batteries (in series) / 16 (12 V/ 16 Ah), ~ § minutes
utonomy

Inverter Stage

Magnetics
Components
(Inverter)

Chopper-boost
per phase module

Magnetics
Components
(Chopper)

Fig. 14. Photograph of the assembled prototype.

The experimental waveforms were made considering the
UPS operating under grid or battery powered operation. It
consists of relevant voltages waveforms, currents waveforms
and measurements collected from the proposed UPS. The
grid mode operation experimental results were realized for
two different input voltages levels.

The results shown in Figures 15-18 were obtained for an
input line-to-line voltage equal to 380Vac and the results
shown in Figures 19-22 were obtained for an input line-to-
line voltage equal to 220Vac. The three-phase non-linear
load used for the tests complies with the requirements of
IEC62040-3 [33].

B. Waveforms for the Grid and Battery Mode Operation
(line-to-line input voltage of 380V,.)

In this section is presented the experimental waveforms
regarding the grid mode and battery mode operation, for the
line-to-line input voltage equal to 380V,

Figure 15 shows the line currents and line-to-neutral input
voltage of phase “a”. The measured harmonic content of the
input currents is equal to 8.5% for this case. It can be
observed that the input current is close to sinusoidal and has
an almost unity input power factor.

Figure 16 shows the voltage behavior across the dc-link
capacitors C3 and C4. It can be seen that both voltages are
almost the same. Thus, the voltage balance converter is
working as expected, as well as the boost voltage regulation,
because the sum of the two voltages is equal to the total dc-
link voltage (400Vdc).
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The output current of phase “b” and line-to-neutral output
voltages are shown in Figure 17, where a high quality
sinusoidal voltage waveform is obtained. It can be seen that
the rms voltage values are regulated as specified in Table 1.
The current shape defines the load type as informed before.
The measured harmonic content of the outputs voltages
waveforms is equal to 3.5%.

The utility input current for one phase, the battery current,
as well as the output voltage waveform for one phase is show
in Figure 18, when occurs the UPS transition from grid mode
to battery mode. During the battery mode it can be seen that
the battery current is almost continuous with a lower ripple.
Notice that the load voltages continue to regulate despite the
ac main failures.

The three-phase UPS conversion efficiency was measured
with Yokogawa PZ4000 power analyzer. It reached an
overall efficiency of almost 87% for the grid mode operation,
and 90% for the battery mode operation. This efficiency
measurement includes consideration of the control power and

battery charger power while operating in fluctuation mode.
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C. Waveforms for the Grid and Battery Mode Operation
(line-to-line input voltage of 220V )

In this section is presented the experimental waveforms
regarding the grid mode and battery mode operation, for the
line-to-line input voltage equal to 220V,..

Figure 19 shows the line currents and line-to-neutral input
voltage of phase “a”. The measured harmonic content of the
input currents is equal to 8.0% for this case. It can be
observed that the input current presents almost the same
behavior as operating with input voltage equal to 380V,.
Thus, this is a relevant characteristic of this converter that
could be used for a flexible input voltage range.

Figure 20 shows the voltage behavior across the dc-link
capacitors C3 and C4. The well-controlled voltage across the
capacitors verifies that the voltage balancing circuit works
effectively.
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Fig. 22. UPS transition from grid mode operation to battery mode.
From top to bottom: input current (one phase), battery current and
output voltage (one phase). (Chl:100A/div.; Ch2:50A/div.,
Ch4:100V/div.; 10ms/div.)

Figure 21 shows the output current of phase “b” and line-
to-neutral output voltages, where a high quality sinusoidal
voltage waveform is also obtained for this operating
condition. The output voltage in each phase is regulated in
the desired rms value and the measured harmonic content of
the outputs voltages waveforms is equal to 3.2%.

Figure 22 depicts the utility input current for one phase,
the battery current, as well as the output voltage waveform
for one phase, when occurs the UPS transition from grid
mode to battery mode. It can be seen that the proposed
system presents almost the same behavior operating with
different input voltages. The load voltages continue to
regulate despite the ac main failures.

The measured efficiency while operating with a line-to-
line input voltage equal to 220V, is almost 86% for the grid
mode operation, and 90% for the battery mode operation.

Accordingly to the experimental results this system has a
reasonable efficiency due to the lower cost components used
for experimental validation. Therefore, the aim of further
future research will be an optimization of the prototype, by
investigating where is located each power losses and making
improvements in the specification and design of
semiconductors and magnetics components.

Furthermore, the establishment of guidelines for the three-
phase UPS dimensioning and a more detailed experimental
analysis are planned with others topologies based in this
concept.

V. CONCLUSIONS

This paper proposed some three-phase high frequency
transformer (HFT) UPS topologies suitable to supply a wide
variety of critical loads or for other applications purpose such
as energy storage or power conditioning applications in high
power density distributed generation (DG) systems. The
concept could be used with the grid source or connected to
renewable energy sources such as wind generator or
photovoltaic modules. The proposal could also be extended
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for SST applications by using bidirectional converters in the
rectifier modules.

The viability and effectiveness of the three-phase HFT
UPS has been verified by a 15-kVA laboratory system.
Accordingly to the experimental results for a particular
chosen topology the system has the following advantages:
modular power converters, simple control circuit, few
batteries in series connection, power factor correction,
sinusoidal output voltages when supplying nonlinear loads
and lower weight and size. As disadvantages of such concept
is the higher number of semiconductors that lowers its
reliability, and reasonable power converter efficiency that
was measured higher than 86% for both input voltages in the
grid mode, and higher than 90% for the battery mode.

The aim of a future research will be an optimization of the
current prototype and realize an investigation of the topology
proposed in Figure 8, in other to make a comparative and
comprehensive analysis between the two proposals.
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