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Abstract: Analysis and implementation of a single-phase half-bridge active power filter with the
function of uninterruptible power supplies is presented. The system provides the combined functions
of battery bank energy storage, power-factor compensation, harmonics elimination and
uninterruption of the power supply. When the utility is in normal operation, the proposed system will
not only supply DC power for battery charging, but also function as an active power filter for
improving the power factor and reducing the current harmonics on the utility side. If the utility power
fails, the proposed system will function as an inverter immediately, to supply the battery power to the
AC load. Analysis for the proposed system is given first, and a personal computer is then used to
implement digitised control of the proposed system to facilitate experimental evaluations for a 1kVA
prototype. The feasibility and multi-functional results obtained indicatc that the proposed system can
be realiscd by using a digital signal processor as the core controller for cost reduction and reliability

enhancement.
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1 Introduction

Since power-electronics techniques are widely applied to
industrial devices, a great number of single-phase nonlinear
loads, such as AC/DC motor drives, AC/DC power sup-
plies and lighting loads ctc., usually introduce harmonics
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into the utility. They also cause poor input power factors
and low efficiency, and result in the destruction of other
equipment. To improve the power quality of utilitics, many
single-phase active power filters have been proposed [1-3].
The active power filters inject a compensation current into
the utility to maintain the source current as a sinc wave in
phase with the utility voltage.

Generally, diesel-cngine generators are used as the spare
power, however, they can not be started immediately. This
necessitates the use of an uninterruptible power supply
(UPS) [4] to keep the load operating until the utility power
is recovered or the spare power takes over. Several
researchers [5-7] have focused on a system which combines
the functions of an active power filter and a UPS. How-
ever, there has been little work published on the increase of
the life cycle of the battery with respect to its charging and
discharging operations.

DC-link

half- l

) buck/
bridge boost l
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Fig.1  Block diagram of the proposed system

This paper presents the design and implementation of a
single-phase half-bridge active power filter with the func-
tion of uninterruptible power supplies. It combines the
functions of an active power filter, battery-energy storage
and a UPS, which together improve the power quality and
reliability of the utility. Fig. | shows the block diagram of
the proposed system. It is seen from Fig. | that, on the
utility side, a half-bridge switch-mode rectifier [8-10] is used
as either an active power filter or inverter. The charging
and discharging of the battery bank are conducted by a
buck/boost DC chopper [11]. When the utility is normal,
the proposed system, which serves as an active power filter,
calculates the current command of the rectifier from the
load current and the required energy of the battery to con-
trol the source power, with improved input harmonics and
power factor, Meanwhile, depending on the voltage level of
the battery bank, the constant-current and constant-voltage
control methods are applied alternately to control the DC
chopper, which sustains the battery life. When the utility
fails, the half-bridge switch-mode rectifier will function
quickly as an inverter to supply the power to the load. The
DC chopper discharges the battery to keep the DC-link
voltage at a fixed level. To overcome the transient delay
due to the mode change, a power balance and feedforward
[12] control methods will be applied to improve the per-
formance. In addition, a current-predicted control [13, 4]
technique will be used to determine the switching states of
the half-bridge switch-mode rectifier. Simulated and cxperi-
mental results for a 1kVA prototype indicate that the total
harmonic distortion of the input current is reduced from
45.9% to 7.3% with a near-unity power factor for the non-
linear load. In addition, the mode change will be finished
within 1.5ms, in both the cases of power failure and power
recovery, and so the system is operated as an uninterrupti-
ble power supply.

2 Power circuit

The power circuit of the proposed system is shown in
Fig. 2. It is seen from Fig. 2 that the proposed system con-
tains two insulated-gate bipolar-transistor (IGBT) modules.
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T, and T, are the first pair of IGBT modules which is
used in the half-bridge switch-mode rectifier for AC/DC
conversion, while 7;,* and 7}, are the second pair of I[GBT
modules which is used in the buck/boost DC chopper for
DC/DC conversion. The DC-link is a cascaded connection
using two identical capacitors C,; and C,. L, C,, Ly and
C, are used for attenuating high-frequency components.
FS,, and FS,, are fast AC switches. When the utility is in
normal operation, FS,,; is turned on and FS,, is turned off,
the system functions as an active power filter and the bat-
tery bank is in the energy-storage mode. On the other
hand, when the utility fails, S, is turned on and ES,,, is
turned off, and the system is in inverter mode, functioning
as an uninterruptible power supply.

non- T -
linear| 7=Cs 'a|
load

Vea2 T Caz

Fig.2  Power circuit of the proposed system
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Fig.3  The equivalent circuit for the proposed system

DC chopper

It is noted in Fig. 2 that the two IGBTs which belong to
the same module cannot be turned on simultaneously. For
example, when 7, is on, 7, is off, and vice versa. Assume
that the IGBTS are ideal switches with the switching func-
tions d; and 5. When 7, is on, ¢ = 1, whereas when 7)*
is on, ¢, = 1. Thus Fig. 2 can be simplified to its cquivalent
circuit shown in Fig. 3.

From the above discussion, it is obvious from Figs. 2
and 3 that only one of the two switching devices of each
IGBT module can conduct at any one instant. This indi-
cates that the proposed system can be expected to operate
highly efficiently [9].

From Fig. 3, one obtains the state equation of the pro-
posed system as follows:

d . . ]
Lnaza = Vs — Raza + dll/ca,] - (1 - dl)VcaZ (1)
d . ,
Lht%%l = daVea1 + doVeaz — Rotipr — Ven (2)
Cor L = —diiy — i (3)
al dt cal — 1a 2]
d . .
Ca?a’/ca‘z = (1 - dl)la — doty (4)
Co i —ia i —i )
T Ves = 1 Tg — 1
st s a L 9
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d .
Cb%l/cb =1y — (Vch - VI;)/Rb (G)

It is seen from eqns. [-6 that if the DC-link command volt-
age is v,, and the command current of the battery-side
inductor is iy, one can feed back the voltages vy, Vi Ve,
v, and the currents i,, i;, iy to design the switching func-
tions ¢/, and ¢, for the proposed system.

To better illustrate the cffect of the system in both the
rectifier and inverter modes, a typical nonlinear load, such
as the single-phasc full-bridge rectifier shown in Fig. 4, is
introduced deliberately. Besides diodes, other elements of
Fig. 4 include a smoothing capacitor C,, a seties inductor
L, and a resistance R, which characterises the DC load.
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Fig.4 A single-phase nonfinear load circuit

From Fig. 4, the statec equations of the nonlinear load
on the DC side can be expressed as follows [15]:

d . ) .
Ls;lgzﬁd - |Vs| — Veo — Zl/d'rop if |I/si > Veo
=0 otherwise
(7)
d .
Cfo %ch =1lLd — Vna/Ro (8)

Based on eqns. 1-8, the decision of the control parameters
and the computer simulation for the proposed system will
be given.

3  Control of the multi-function system

In this paper, a current-control scheme is used to control
the switch-mode rectifier and the buck/boost DC chopper.
Before deciding the IGBTS’ switching functions, the com-
mand currents i, and i," of the inductors must be calcu-
lated first. These are derived below.

3.1 Active power filter mode
Let the utility voltage be sinusoidal and represented by
v, = Vo, sinwt (9)

Also let the nonlinear load current be cxpressed by

i = Z I, sin(nwt + 6.,)

n=1

= I sin{wt + 1) + Z I, sin(nwt + 6,)  (10)
n=2

Assume that j, is the unit sine wave and in-phase with the
source voltage. Using Fourier analysis, one can obtain the
amplitude of the real component of the fundamental load
current, which is in-phase with the source voltage as

T
9 r
Loy = T / i1t dt = 1) cos By (11)
0
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Physically, Z,,,,; 1s the amplitude of the utility current, which
provides the average real power for the nonlinear load. In
this paper, the /,,,, of eqn. 11 was calculated by integrating
the term 2i4,, which was sampled, held and reset by the
zero-crossing signal of the utility voltage in every utility
cycle. Referring to Fig. 2, it is seen that the utility will
supply the real power for not only the nonlinear load but
also the baltery charging and system operation loss. In the
steady state, the real power of the system will balance in
one utility cycle. From Fig. 2, it can be found that if the
nonlinear load is switched off, the system operation loss is
negligible, the source current is a sine wave, which is in
phasc with the source voltage and with an amplitude of
Ly and the amplitude of the source current I, can bec
obtained as

Tomo =2V, ]):;:(l / Vin ( 12 )

In addition, to ensure proper operation for the half-bridge
switch-mode rectifier [9], a proportion-integral (PI) control-
ler is used to keep the DC-link voltage above 2V, Thus
the amplitude of the source command current can be repre-
sented by

I:, = (Kpl Avy, + Ky / Aua,,dt> + Tsm1 + Lsmo

(13)

The source command current can then be obtained by
multiplying 1, by i, as

ie =TI, sinwt (14)

From Fig. 2, the active power filter compensation current

i, can be calculated by subtracting the source command
current i, from the load current /;. This yields

it =g, -t (15)

The control block diagram of i," is shown in Fig. 5.

Fig.5  Block diagram of the compensation current commuand, i
0 i

3.2 Inverter mode
When the utility fails, the half-bridge switch-mode rectifier
is operated in the inverter mode. Consequently, the DC-
link capacitors can supply the power to the nonlinear load
uninterruptedly with appropriate control of the duty ratio
d;. To minimise the effect of the load voltage fluctuation,
the output command voltage of the inverter will be in
phase with the utility as power outage occurs. It can be rep-
resented by

v, =vi =V, sinwt (16)
From eqn. 16, one can obtain the command current of the
filter capacitor C; as
dvy

o=
fos =T

= wC,V,, coswt )
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The output voltage of the inverter will be affected by a
change of load. Assuming that the fluctuating voltage of
the load is Av, = v," — v, one can obtain appropriate
compensation using a proportion-integral controller. To
improve the transient response, the load current /; is also
added to command current for feedforward control. This
gives the inverter output command current

A <KP2L\I/L + Ko /Al/Ldt> +i, (18)

In this paper, the current control of the half-bridge switch-
mode rectifier is modelled using the current-predicted con-
trol technique [13, 14]. The error between the command
current and the actual current is used to compute the
switching duty ratio in one period. Owing to the fact that
the utility frequency is much lower than the switching fre-
quency, the switching function ¢, can be replaced by its
duty ratio d," [14], and eqn. 1 can then be rewritten as

d ‘ .
Vs + Raia + La_’ia = d;”aal — (1 - di)ycrﬂ (lg)

dt
Assume that T, is the switching period. Then
d r .,

Substituting eqn. 20 into eqn. 19, one obtains the duty ratio
command of the first IGBT module, ¢/,”, as

= La . La cx
4= Vea {”‘* " (R“ B T) ot e Ve
(21)

It can easily be seen from eqn. 21 that using the duty ratio
command ", the actual current can follow the command
current in one period at high switching frequency. The volt-
age v, in eqn. 21 can be replaced by 0.5v,, for implemen-
tation, and the voltage v, in eqn. 21 can be replaced by v,
for inverter-mode control.

| Vb=<Vpimt
VRV
Pl r b” Voimt

controller

"ot

, vgnormal

A * o bl
Vea" + Vea PI I pl |vg fails
controller
low-pass
filter
I Vea

Fig.6  Control block diagram of battery charging and discharging

3.3 Battery charging and discharging

Fig. 6 is the control block diagram of the battery charging
and discharging. When the utility is normal, the DC chop-
per operates in the buck chopper mode to store the energy
from the DC-link to the batteries. The optimum charging
operation adopted is a two-step constant-current and
constant-voltage charging. When the battery voltage is
below the gassing voltage, v, constant-current charging
is used to reduce the charging time. When the battery volt-
age approaches the gassing voltage, constant-voltage charg-
ing is exercised to maintain the battery capacity. Thus, the
constant-voltage charging current command i," can be
expressed as

Z!:l = Kp3Avg + K3 /L\.ucbdt (22)
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When the utility fails, the DC chopper operates at boost
chopper mode and the battery discharges quickly to keep
the DC-link voltage at the voltage command v,,”. In the
steady state, if the system operation loss is negligible, the
battery discharging power will be equal to the real power of
the nonlinear load in onc utility cycle. Then, the battery
discharging command current can be written as

7;1 = — <<I(p4AVca + ]([4 /Aljcadt> + PL/‘/cb>
(23)

In eqn. 23, P, is the average rcal power of the load in each
cycle. It can be calculated from 7, of eqn. 11 as

PL = (lesml)/Z (24)

The feedforward control can be accomplished by the last
term on the right-hand side of eqn. 23 to improve the tran-
sient response. The current control of the DC chopper is
modelled using the hysteresis current-control method, to
avoid the change of parameters due to battery charging
and discharging.

4 Simulation and experimental results

To verify the performance of the proposed system, the
complete system was simulated using the MATLAB-
SIMULINK software package and a 1kVA prototype was
built and tested. The control block diagram of the pro-
posed system is shown in Fig. 7. The major parameters
used in the simulation and implementation of Fig. 7 are as
follows: AC source voltage = 110Vrms (60Hz), DC-link
capacitors C,; = C,, = 3000uF, AC capacitor C, = 40uF,
inductor L, = 3.6mH, inductor L;; = 9.6mH, battery bank
voltage = 175V, (14 pieces, 12V, 24Ah batteries serial),
inductor L, = 4mH, load capacitor C, = 3000uF, load
resistance R, = 17.5Q, digital controller switching period
T, = 100us, and the control paramcters are Kp; = 1.3,
Ky =16, Kpy = 1.8, Kpp = 36, Kpy = 1.2, Ky = 10, Kpy =
0.1, Ky =12

The experimental results of the nonlinear load are shown
in Fig. 8, where the load is 1kVA and the utility-side input
power factor is 0.78. Fig. 8¢ is the spectrum of the utility
current. There exists large harmonics at 180Hz, 300Hz,
420Hz etc., and the total harmonic distortion of the utility
current is 45.9%. Figs. 9 and 10 show the simulated and
experimental results of normal operation, respectively,
wherc the DC-link voltage command v,,,” is 360V, the load
is 1kVA, the battery charging current is 1A and the utility-
side total input power is 1.04kVA. Fig. 10d is the spectrum
of an experimental source current whose total harmonic
distortion is improved to 7.3%. In this case, the utility-side
input power factor is 0.995 and the system efficiency is
92.4%. When the battery charging is removed, the utility-
side total input power is 815VA, the input power factor is
0.993 and the system efficiency has been increased to
96.3%. Figs. 11 and 12 show the simulated and experimen-
tal results for the transient response of the utility-break,
where the load is 1kVA and the battery charging current is
0.5A. Tt can be seen from Fig. 12¢ that the battery
discharges quickly. In addition, it is obvious from Fig. 12¢
that, even in the case of the utility failure, the inverter
supplies the load with only 1.5ms delay and in phase with
the utility. When the system is in the inverter mode with
full-load operation, the total harmonic distortion of the
load voltage is 3.2%. Fig. 13 shows the transient response
of the cxperimental results, before and after utility power
recovery, where the corresponding load is 1kVA and the
battery charging current is 0.5A. When the utility power
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Fig.7  The control block diagram of the proposed system

recovers, the system operates at the inverter mode until the
inverter voltage is in phase with the utility voltage. From
Fig. 13¢, it can be seen that the load voltage is almost in
phase with the utility voltage when the system changes the
operation mode from inverter to active power filter.
Finally, it is important to note, from Figs. 9-12, the close
agreement between the corresponding simulation and
experimental results.
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Fig.8  The experimental results of « 1V A nonlinear loud
« Source voltage, v,

b Source current, i,

¢ The spectrum ol the source current, i

5 Conclusions

In this paper, a single-phase high performance half-bridge
active power filter with the function of the uninterruptible
power supplies was explored. The operation with the pro-
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Fig.9  Sinudated results for the active power filter with a 1kVA loud and
battery charging current of 14

« Source voltage, v,

h Source current, i

¢ Compensation curren, /,

o DC-link voltage, v,,,

¢ Battery current, f,

posed system configuration, which combines the functions
of the active power filter, energy storage and uninterrupti-
ble power supplies, is verified by simulation and the experi-
mental results of a 1kVA prototype. A personal computer
is used to implement digitised control of the system. The
results demonstrate that the system posscsscs a near-unity
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Fig.10  Experimental results for the active power filter with a 1kVA load
and battery charging current of 14
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power factor and low harmonics on the utility side. In
addition, the system efficicncy is excellent and the load
operates uninterruptedly. The performance evaluation also
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indicates that a fast transient response is obtained using a
power balance and feedforward control scheme. 1t is also
worth noting that the load voltage is almost in phase with
the utility voltage in both the cases of power failure and
power recovery. As discussed above, the proposed UPS,
when widely used, can effectively improve the quality and
reliability of the power utility. In order to reduce the cost, a
digital signal processor (DSP) should be used to implement
digitised control of the proposed system in the future.
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