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Abstract: Analysis and implementation or a single-phase half-bridgc active power filter with the 
function of uninterruptible power supplies is presented. The system provides the combined functions 
or battery bank energy storagc, power-factor compcnsation, harmonics elimination and 
unintcrruption of the power supply. When the utility is in normal operation, thc 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 fLmction a s  an inverter immediately, to supply the battery power to the 
AC load. Analysis for the proposed system is given first, and a personal coinp~itcr is then used to 
implement digitised control of the proposed system to facilitate experimental evaluations for a 1 kVA 
prototype. The feasibility and niulti-fLiiictional results obtained indicate that the proposed system can 
be realiscd by using a digital Yignal processor as the core controller for cost reduction and reliability 
enhancement. 

List of symbols K,, - K,’4 = proportional controllers gain 

d, ,  L12 = switching functions of the insulated-gate bipolar 
transistors (IGBTs) 
duty ratio of d ,  
current of the AC-side inductor, L,, 
command current of i,, 
current of the battery-side inductor, L,)/ 
command current of Ql 
average cominand current of iOr* 
current of AC-side filter capacitor, C, 
command current of i, 
fundamental component of the load current 
load currcnt 
absolute value of i, 
amplitude of the nth-order harmonic of the load 
current 
source current 
command of so~ircc current, I ,  

aniplitudc of source coinmancl current 
amplitude of real component of the fundamental 
load current 
the part of the aniplitudc of the source command 
contributed to by the battery-charging power 
unit sine wave in phase with v, 

K,4 = integral controllers gain 
= average real power of load in one utility cycle 
= period of source 
= switching period of the IGBT 
= average voltage of Y,/] in one utility cycle 
= peak value of the source voltagc 
= voltage of battery bank 
= battery-gassing voltage 
- - vlLll + v,(/~, voltage of the DC-link capacitor, 

G I  
= command voltage of vir, 
= average voltage of v,,, 
- vir/ - vi,, 

= command voltage of vill 
- l/,h - Vi/> 

= voltage of the load-side DC filter capacitor, 

= vL, voltage of the AC filter capacitor, C, 
= diode forward voltage 
= command voltage of v12 
- VL - VI2 
= source voltage 
= phase of the nth-order harmonic of the load 

i - 

voltage of the battery filter capacitor, C ,  

- 

CO 

* - 

current 
w = angular frequency of source 
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Since power-electronics techniques are widely applied to 
industrial devices, a grcat number of single-phase nonlinear 
loads, such as ACiDC motor drives, ACiDC power sup- 
plies and lighting loads etc., usually introducc harmonics 



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, maiiy 
single-phase active power filters have been proposed [ 1-31. 
The active power filters inject a compensation current into 
the utility to maintain the source current as a siiic wave in 
phase with the utility voltage. 

Generally, diesel-cngine generators are used as tlie spare 
power, however, they can not be started immediately. This 
necessitates the me 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 [5-71 have focused 011 a system which combines 
the fhctions 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. 
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This paper presents the design and implementation of a 
single-phase half-bridge active power filter with the fiinc- 
tioii of uninterruptible power supplies. It combines the 
functions of an active power filter, battery-energy storage 
and a UPS, which togethcr improve the power quality aiid 
reliability of tlie utility. Fig. 1 shows the block diagram of 
the proposed system. It is seen from Fig. 1 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 
aiid discharging of the battery bank are conducted by a 
buckiboost DC chopper [I I], Whcn the utility is normal, 
the proposed system, which serves n active power filter, 
calculates the current command of tlie rcctifier from the 
load current and the required energy of thc battery to con- 
trol the source power, with improvcd input harmonics and 
powcr factor. Meanwhile, depending on the voltagc level of 
the battery bank, the constant-current and constant-voltagc 
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 powcr to the load. The 
DC chopper dischargcs 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, 141 
technique will be used to determine thc switching states of 
the half-bridge switch-mode rectifier. Simulated and cxperi- 
mental results for a 1 kVA 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 

?,+ and are the first pair of IGBT modules which is 
used in tlie half-bridge switch-mode rectifier for ACiDC 
conversion, while T,,' and TIJ arc the second pair of IGBT 
modules which is used in thc buckiboost DC chopper for 
DC/DC conversion. Thc DC-link is a cascaded connection 
using two identical capacitors C,,, and C,,,. L,, C,, LIJI and 
C,) are used for attenuating high-frcquency components. 
FS,,,, and FS,,> are fast AC switches. When the utility is in 
normal operation, FS,,,I is turned on aiid FS,l,2 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 thc utility fktils, FS,,, is turned on and FS,, I is 
turned off, and the system is in inverter mode, functioning 
as an uniiiterruptible power supply. 

ACIDC converter DC chopper 

Fig .3  Tire eq~ii~ulc~ii~ t.iru,uit f i r  rile poposcd .sy.s/wti 

It is noted in Fig. 2 that the two IGBTs which belong to 
the same module cannot be turned on simultaneously. For 
example, when T(,+ is on, c, is off, and vice versa. Assume 
that thc TGBTs are ideal switches with thc switching fuiic- 
lions cEl and c12. When q,+ is on, cl, = 1, whereas when TI)+ 
is on, d2 = 1. T ~ L I S  Fig. 2 can be simplified to its equivalent 
circuit shown in Fig. 3. 

From the above discussion, it is obvious from Figs. 2 
and 3 that only one of thc two switching deviccs 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: 

(4) 
The power circuit of thc 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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(6) 
(I; 

dt  C / ~ - V c 6  = ? / I /  - ( l l c / ~  - V / J ) / ~ ~  

It is seen from eqns. 1-6 that if tlie DC-link command volt- 
age is v[,/' and the coinniand current of tlie battery-side 
inductor is ill;, one can feed back the voltages yy, vcli, iJ,.lJ, 

and the currents it,, iL, ii,/ to dcsign the switching func- 
tions dl and d2 for the proposed system. 

To better illustrate tlie effect of tlic system in both the 
rectifier and inverter modes, a typical nonlinear load, such 
as tlie single-phasc full-bridgc rectifier shown i n  Fig. 4, is 
introduced delibcratcly. Besides diodes, other elements of 
Fig. 4 include a smoothing capacitor C',,, a series inductor 
L,, and a resistancc R, which characterises the DC load. 

"s 'd % 

D3 f D4 

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

t i  . 

clt L,s-73r,d = 1 ~ , ~ 1  - 7 1 , ~  - 2vl~ToTl  if lvs1 > U(. ( ,  

= o  othcrwisc: 
( 7 )  

( 8 )  
tl 
df c 0 - v ~ ~  = i T , d  - 1)ro/& 

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

3 

I n  this paper, a current-control scheme is used to control 
tlic switch-inode rectifier and the bucldboost DC chopper. 
Before deciding tlic IGBTs' switching functions, the coni- 
inaiid currents &" and ifj: of the inductors must be calcu- 
lated first. These are derived below. 

Control of the multi-function system 

3.1 Active power filter mode 
Let the utility voltage be sinusoidal and represented by 

v s  = V,,, sill wl (9) 
Also let the nonlinear load current be expressed by 

00 

ZL = I , ,  siii(iLwt + Q.,?) 
n,=l  

00 

= 11 siii(wt + 81) + I,,, siii(,nwt + Q ~ ~ )  (10) 

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

,L=2 

ISSIILj = 2 T .  f iT, , i t& = I[ C O S O ~  (11) 
0 

Physically, [ , i l l l  is the amplitude of the utility current, which 
provides tlie average real power for the nonlinear load. In 
this paper, the [,,,I of eqn. 1 I was calculated by integrating 
the term 2i,i,,, 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 tlie real power for not only tlie nonlinear load but 
also the battery 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 
phase with the sourcc voltage and with an amplitude of 
f,,J,12, and the amplitude of the source current can be 
obtained a s  

Isna2 = 2Kh4;~/K1,  (12) 
In addition, to ensure proper operation for the half-bridge 
switch-mode rectifier [9], a proportion-integral (PI) control- 
ler is uscd to keep the DC-link voltage above 2V,,,. Tli~is 
the amplitude of the source comniaiid current can be repre- 
sented by 

The source command current can thcn be obtained by 
multiplying [,,,,'k by i,, a s  

= sin wt (14) 
From Fig. 2, thc active power filter compensation current 
if/' can be calculated by subtracting the source command 
current i,," from tlie load current il,. This yields 

i;; = i,, - i ;  (15) 
The control block diagram of i(," is shown in Fig. 5. 

crossin4 

'U 

I "ca * 

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 
uniiitcrruptedly with appropriate control of the duty ratio 
dl. To niiniinisc the effect of the load voltage fluctuation, 
the output coininand voltage of the inverter will be in 
phase with tlie utility as power outage occurs. It can be rep- 
resented by 

= v;, = If, sin wt  (W 
From cqn. 16, one can obtain the command current of the 
filter capacitor C, as 

(17) 
. .> tlv" 

" C r  = C,? d t  
= wc,sl</,, cos wl; 
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The output voltage of tlie inverter will be affected by a 
change of load. Assuming that tlie fluctuating voltage of 
the load is AvL = vr^ ~ v,, one can obtain appropriate 
compensation using a proportion-integral controller. To 
improve the transient response, the load current iL is also 
added to command current for fecdforward control. This 
gives the inverter output command current 

In this paper, the current control of the half-bridge switch- 
mode rectifier is modellcd using the current-predicted con- 
trol technique [13, 141. 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 lowcr than thc switching fre- 
quency, the switching function rl, can be replaced by its 
duty ratio dl * [ 141, and eqn. 1 can then be rewritten its 

d 
clt V, + Rata +La-%,  5 d;vcai  - (1 ~ dl)vcaa (19) 

Assumc that T,,, is the switching period. Then 

Substituting eqn. 20 into eqn. 19, onc obtains the duty ratio 
command of the first IGBT module, dl*, as 

It can easily be seen from eqn. 21 that using the duty ratio 
command cJI *, the actual current can follow thc cornilland 
current in one period at high switching frequency. The volt- 
age vcl12 in eqn. 21 can be replaced by 0.5v,,, for iniplemen- 
tatioti, and thc voltage v\ in eqn. 21 can be replaced by vLT 
for inverter-mode control. 

vs normal 

' bl 

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 cliop- 
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-currcnt and 
constant-voltage charging. When thc battery voltagc is 
below the gassing voltage, vbb77f, constant-current charging 
is used to reduce the charging time. When the battery volt- 
age approaches the gassing voltage, constaiit-volhge charg- 
ing is exercised to maintain the battery capacity. Thus, thc 
constant-voltage charging current command ill[ can be 
expressed as 

When the utility fails, the DC choppcr operatcs 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 ncgligiblc, the 
battery discharging power will be equal to the real power of 
the nonlinear load in onc utility cycle. Then, the battery 
discliarging command current can bc written as 

. .  

In eqn. 23, PL is the averagc rcal powcr of the load in each 
cycle. It can be calculated from Z\,ff l  of eqn. 11 as 

PI, = (V,,,Iml )/a (24) 
Thc rccdforward control can be accomplished by the last 
term 011 the right-hand side of eqii. 23 to improve the tran- 
sient response. The current control of tlie 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 vcrify thc pcrfortnance of the proposed system, the 
coniplcte system was siniulatcd using the MATLAB- 
SIMULINK softwarc package and a 1 kVA prototype was 
built and tcstcd. Thc control block diagram of the pro- 
posed system is shown in Fig. 7. The major parameters 
uscd in thc simulation and  implementation of Fig. 7 are as 
follows: AC source voltage = 110Vrms (60Hz), DC-link 
capacitors C:(ll = C(lz = 3000pF, AC capacitor C'\ = 40pF, 
inductor L,, = 3.6mH, inductor LIJ/ = 9.6mH, battery bank 
voltage = 175V, (14 pieces, 12V, 24Ah batteries serial), 
inductor L,y = 4mH, load capacitor CO = 3000pF, load 
resistance R, = 17.5Q2, digital controller switching period 
T, = 100p, and the control paramcters are KpI = 1.3, 
KII = 16, K p 2  = 1.8, K,, 
0.1, K14 = 1.2. 

36, Kp3 = I .2, K13 = 10, Kp4 = 

The experimental rcsults of the nonlinear load are shown 
in Fig. 8, where the load is 1 kVA and the utility-side input 
power factor is 0.78. Fig. 8c is tlie spectrum of the utility 
current. There exists large harmonics at 180Hz, 300Hz, 
420Hz etc., and the total harmonic distortion of thc utility 
current is 45.9'3,. Figs. 9 and 10 show the simulated and 
experimental results of normal operation, rcspectively, 
wherc thc DC-link voltage command vC(,* is 360V, the load 
is 1 kVA, the battery charging currcnt is 1 A and the utility- 
side total input power is I .04kVA. Fig. 10d is tlie spectrum 
of an experimental source current whose total hamionic 
distortion is improved to 7.3%). In this casc, the utility-side 
input power factor is 0.995 and the system efficiency is 
92.4'31. When the battery charging is removed, tlie utility- 
side total input power is 8 15VA, 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- 
Val results for the transient response of the utility-break, 
where the load is 1 kVA and thc battery charging current is 
0.5A. I t  can be seen from Fig. 126. that the battery 
discharges quickly. In addition, it is obvious from Fig. 12c 
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 modc with 
full-load operation, the total harmonic distortion of the 
load voltage is 3.2'X). Fig. 13 shows the transient rcsponse 
of the cxpcrimental results, before and after utility power 
recovery, where the corresponding load is 1 kVA and the 
battery charging currcnt is 0.5A. When the utility power 
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recovers, the system operates at the inverter mode until the 
inverter voltage is in phase with the utility voltage. From 
Fig. 13c, it can be seen that the load voltage is almost in 
phase with the utility voltage when the system changes thc 
operation mode from inverter to active power filter. 
Finally, it is important 10 note, from Figs. 9-12, the close 
agi-ecment between the corresponding simulation and 
experimental rcsults. 
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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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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 or a 1 kVA prototype. A personal computer 
is used to implcnicnt digitised control of the system. The 
results dcmonstrate that the system posscsscs a near-unity 

317 



200 200 

p 0 

-200 -200 

20 20 

> > 
>% 0 

a a 

a Q 
._ G O  ._ 5 0  

-20 
b 

-20 
b 

20 

Q 
._ % O  

time (5ms/div) -20 

16 

12 

C 

U 
._ % 8  

4 
0 

frequency, Hz 
d 

400 
> 
>g 200 

e 
10 

Q 
._ 5 0  

-1 0 
0 200 400 600 800 

time (5msidiv) 

200 

3 0  

-200 

> 

C 

20 

Q 
._ i o  

-20 

qnn f 
L U U  

> 
6 0  

-200 
a 

20 

a 
._ 2 0  

-20 
h 

LUU a 
, . I .  

. I ,  

I . , .  

, .  . I ,  

I ,  
20 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . .  . . .  . . . . . . . . . . . . . . . .  . . . . .  
I . .  

. I ,  

I ,  

I .  

, .  
I ,  

-20 
' 

b C 

200 

> 
2 0  

-200 

. . . . .  I 

Q 
._ 5 0  

-1 0 
time (20msidiv) 

e 
Fig. 1 1 
/lreL~/cs 
( I  sonrcc voltagc, If, 
1) Soul-ce current, i, 
c Load vollagc, v/ 
ti Load current, ii, 
c Battery current, !/, 

UPS .s;imilciied re.vLi1t.s witlz Li I lc  VA lotid ciiitl 0.5A c1icii:qiiig ciii'i'cwf 

d 
20 

a 
._ 0 0  

-20 
time (20msidiv) 

e 
Fi . 13 UPS y,eriimwtci/ resuh.i ft'iir;iig jm i 'e i '  i'wovc'ry ii?i/r ( I  I/< ITA loud 
~ I I I ~ / X I ~ ~ W ~  clrtrrpg c[irrem O/ 0.5 A 
(1 Sourcc vollagc. I,> 
/I Sourcc current, i, 
c Load voltagc, vi, 
( I  Loild cLIrrcIlL, i,, 

power factor and low harmonics on the utility side. In 
addition, thc systcin efficicncy is excellent and the load 
operata unintcrruptedly, The performance evaluation also 

e Battery current, il, 
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indicates that a fast transient response is obtained using a 
power balance and feedforward control schenic. It is also 
worth noting that the load voltage is almost in phase with 
the utility voltage in both the cases of power fdilure and 
power recovery. As discussed above, thc proposed UPS, 
when widely used, can effectively iinprovc the quality and 
reliability of the power utility. In order Lo reduce the cost, a 
digital signal processor (DSP) should be used to implement 
digitised control or tlic proposed system in the future. 
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